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ABSTRACT 


The present safety theory for concrete structures 
isevaSecdmOnarecducing, they propabilitywot failure to ‘an 
acceptableyvaluc+byuthe use of load andvresistance,fac- 
tOrs., lthespumpose.,of, this, studyewas \to,obtain) populations 
Ofethiewratiosof theoretical ultimate flexural moment to 
the ACI design strength for bonded prestressed concrete 
beamseisang;the Montes Carlo\ techniques yy Therresuitspof 
this study will be used in the future to develop under- 
strength factors for prestressed concrete beams in flexure. 

Probability models for concrete strength, re- 
iiforcineg (steel strength, and) cross, section dimensions were 
Opeained me tronepapers, om Chis. subject. sThe probability 
models for prestressing steel and prestressing losses 
were developed int hismScudy.) \Onecreteeproperries, 
prestressing steel properties, losses, and dimensions of 
the cross section were varied in this study to examine the 
Creccrmonet ne wvariabl li tyro the, strength tat1ose spine 
type OL prestressing strand, the depth of the beam, and 
the reinforcement index, Wy, were also varied to see what 
effect they had on the strength ratios. The effects of 
Conseruction duality, Conventional reinforcing steel, and 


prestressing losses were also studied. 
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1.1 General 


The préeséntwsafetywtheory ifornsconcneterstruc- 
CUsestaoubascd#ion) reduce the probabulity oftiailuresato 
ab aceeptabletyatiuenby (the wseiiof loadeand iresistance 
bactocssean understrength or resistance: factor, @, 1s 
apuived wovenewstrengths. sand anloverload) factor, A, 1s 


avplvecuves the loads. The development) of an understrength 


Pector Trequipes tnat. the distribution of ultimate strengths 
Bevwcaiculated andscompared with, the, strength that would ‘be 
Soucy Une des Loner Uv lhius IS saescrmbeduam more de- 
Poe eC La Olle 2uec. 

Tirso rucyv LS EGONCe? led whe hiinc Ca LOuUlat iO, won 
ultimate moment for bonded prestressed concrete beams in 
PiccUuCe nent oOsults ane lexmpuesscd sin the form obetne. ra- 
DIgwOn TtneOTeticalitltimare strength itovthe AG) desion 
Stencil. malt ates nopedmcnatyt hese vesul ts can beausedsto 
develop understrength factors for prestressed concrete beams 
in flexure. 

A large population of ultimate strength ratios was 
abtained tor wach beam studied. through, the use of computers 


and the method of random sampling, also called the Monte 
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Carlo technique. This technique requires that the pro- 
bability distribution of every variable affecting the 
Strengtn) be Known.) Using these: probabilitysdistributions, 
random values are generated for each variable using a 
random number generating subroutine. These values are 

used in the appropriate equations and a moment-curvature 
curve is generated. The maximum moment from this curve 

is determined and taken to be the ultimate moment. When 
this random sampling procedure iserevpeatedr,a slargesnumber 
OPevines, sa representative population) Of ultimate strengths 
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Both pretensioned and post-tensioned prestressed 
Sone Tetesbeams were: SLUdTeEd lhe wbeams were “either rec- 
taneular beams or 1-beams. Two types, otf presitressing 
strand were used—stress relieved strand and stabilized, 
Cm OW relaxatwvon,.istrand, 

Oniyebeansewath straveht, bonded strand were 
studied. The beams were all assumed to be simply supported 
and the section of maximum positive moment was studied. 

The overall depth of the beams and the amount of 
Sree was Valnecdem A SENSitivaty study into there. tect of 
SAch Variable on section strength was, conducted The 
errects 01 cons muctiony quality, reaintorcing steel, and 
prestressing losses were also investigated. 
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many of the beams studied were taken from the PCI Design 


Handbook (1971). 
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DITERATURE® REV VEW 


A literature review was ‘conducted into flexural 
CACcOmyer Salelyw cneorLy « direcurcalcubationvon probabLlLrty. 
of failure of structural members, and the Monte Carlo 
technique. Because of the extensive literature in these 


fields, only a few representative papers will be discussed. 


terror wexura ly Theory 


Warwaruk (1957) used a semi-empirical analysis 
in determining the ultimate strength of prestressed con- 


crete beams. The following assumptions were made in that 


analysis: 
es CONGPeLONS OL Sta tuLes varne™ Valerds 
Zi. Concrete fails by crushing at an ultimate 
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Sy. Ricusisraii iihiethe sreel can be ore lated “tothe 
concrete strain at the extreme fiber in compression using 
aPStrain compatibility, factor F and the depth to the neutral 
axicmateulpinatewmik,.d. | lhis compatibility factor, isi re- 
quired because strains may not be linearly distributed in 


the tension Zone due to cracking and lossmof bond of the 
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eee PNeecOnCmete IN stuhisSe Zone wwe Nepvariat.onwor 

PC eisenailnl Veduew.tO.concentration,of ~the.strain near the 
Cracks in bonded beams and to the’ lack of bond. in unbonded 
Decisw whic he wu tamate steelmstress) is inwthe elastic 
range Or the stress -Straim curve, Variattrons in Pe, can 
Cause lareerchances invres@stine moment. “In ‘the inelastic 
range, however, the value of Fe, does not affect the re- 


Stscing moment (Sr oniiicantiv. 


4. DiewerEeGtr we: Sunes s sO themconGhe ver uluntile 
COMpressiON ZOnews~ ta 6 aS) known.) glhewactual |) distribuunon 
Otestress 1S eprobaply quite similar tothe stress-strain 
Wie wot Cylinders in compression... This: distribution was 
ApPLoxaiaeedeD\ eal averages Oneet eC LIVES tress weaker e la; 
tionship between effective stress and compressive cylinder 
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53 THheegaeyoswkoy sot the depth to the resultant 
POMPLESS1Ve st Once wing concrete, to.thesdenrheto.theaneutral 
axisewas assumedutosbesequaluto 0442.) Wihiseva tue as .mid- 
Maveunetweenmthesextremes of p0 jauand Os 53 efor rectangular 
Tiwi ane ularsehessedls bwlLoUtLOnSyarespective ly. su lie 
Valueuofiks. does not ,attrect the calculated ultimate mo; 
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steel is known. 


cee NOMEEIGT OMe 1s. nesisted, Dy Ene Concrece., Some 


Cent onels walecoct.s resisted by thesconcnete, pug this: ten- 


" ay | ye, bis aN rh. mm , in 


alk aak allen’ ies det A 
Dh ieaeaichall a bea ay pm ce a pantie cai 

teoyt ort nt ae sabvan§ | ! cake ty: rt tl. am ad 

ma 8+ a # bik im Tad 7 aa + ma i 4 

pet on bee zy . ia ed 


Raid y St BP geist e! a teh | pipiens 

pinaster adr wh’. | Meee, proaiang a anya cused meat 

ye yan a... ; 

Se ahd cat i fen awed ney Ao aay wie. +ovamot : 7‘ se 
me Mainats twine wit 

ae ntiqgeeseed She Bee denna Sititgette att a ‘iN a 7 . 


wi s)he ae a 


| ' AP) 
tie fas hy ia ey 1 Rik Toe eE ars at uae sons nopnnaigneal = 7 


bender necbae a Pan wy fap yivade: io enerehe +i 


ew sheer nuit el akong fib wperhenh ! Yom i rs | 
-<eher & nse s9Ta gaits te. SIONS ne "9 vauanbaorges - , | 

mn : , 
qebah dyes as ETM: vib, SRRLTE we ome ie posmdtinds aidinames ~ “i 
; wae poe 2 ‘% ate 


‘ 


\ 


- fepehaey off OP? rhe wi Be wad eine ont. - > me id 
‘ors uent at? ae dread. Wa aay meenaAgS tnt Llane oviieee 
| bi ec, cite Gtat fhe ” baa oe Laauate aw 
‘oat harasta’ rey Aad 04,8). nea ¢ ph Ye aR dee gd? osevand we 

gat ENE | ‘gpibdutitne fo BE0TIF | rebugan yo v | 


ale, ve 
eam seqmhyhw het ers = soptte soe 20d date nus a id 


A Vy} ; a hebronae ie vy a ae. ab 7 oe 
h' 7 
7] La yr. my 
sheosorasion oi aie wigetesestre ait Bett ee 
| | Me Laur ae ; - ise a 5) aoe 


1 i hea si ne os i ee ale 


SloOMerorce, TS, usually quite small and, at ultimate) moment, 


1s insignificant compared to the other forces. 


POOM Strain, COmpatwoility andvequilibrium. the 


following equations were derived: 


¥ Cie ke) 
Seu) a Selayeen Piece i ecce (2.1) 
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ke = (22) 
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Mie asp feud Cll ekki) (2.3) 


where: 
Se uese PLestressing Steel estrain at ultimate moment: 
Beas Sir eective, prestrain anys tee lWiante nr ulosses: 
eae Noe COmprccsciVesstraingin the concretesduesto the 
Duestressinoerorce., 
Pwenemrar.o (Of wprescressedmreinrorcenent Pp» 
Dees aad tlewct less ci iaingcuyye for reinforcement are 


Lowi and Fer Seknown POrgasSumed  seneuLi LS th etwo equations 
Canube solved.  (Once.the steel stress at ultimate jmoment, 
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Su? 
ultimate moment. .Lheretore the calculationvo: ultimate 
moment reduces to the determination of the steel stress at 
Ultimate moment. Warwaruk, Sozen,. and Sdess (1962) sug- 


gest that theasteel stress’ can be determined using trial 


aicserroYr, €rannical, or algebraic means. 
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Rusch (1960) studied the effects of loading rate 
Onpeke stress-strain,curves for concentric compression .in 
eoncrete.avOnsthe basis, of jayseries of such curves, he 
Proposed aus vies eblock,. fon the compyession izonejin flexure. 

Perhaps the most important thing suggested by 
PUSCieWasei ne vcetinition/ of warlure, ofa beameine ft lexure 
ime termsmotvdM/de. i. = 0. “That is, here is a maximum 
DOinNt, un the curve of resisting moment versus strain in 
enremexCreue concrete; fiber that corresponds towthe witi- 
Mater mopnent capaci tyeot thatisection,. 

BrOMaciucmCONCep CemkUSChmal SOmsnowed that c 7), 
Piewstlain sin the extreme: fiber in) compression atiultimate 
Donmewe, ous NOtCea, constant, quantity for vad) cross sections 
Diitmae PcCiudentp Ome ne. Slapewor the CTOSSs SeC Uli eas Wellwas 
Sieve Position sOrerne neutral (axqs.«. nor example, tne 
Peed Fe a wetOlEdiabedm mS cenerallymless. thane that! for 
aerectanvular peam and much less than that) for a triangu- 
lar beam. 

The suggestion that the strain at ultimate moment 
Vartecdamaccordings toe concrete@strength ,@rate or toading, 
POsttaon Or neutral axis)Vandishapeswortcrossesectioniwas 
g@edeparture trom previous ultimate strength design theories 
whach assumed a. strain. at.ultimate, moment that was con- 


Stant Ore cependents only ony concrete strength, 
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MacGregor (1976) reviewed the reasons for re- 
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quiring safety factors, the techniques for establishing 
safety provisions, and the derivation of resistance fac- 
LOLS wo weancde road tactors MO) 

pbatety wactors: arew required in structural desien 


Por three Teasons:. 


He The strengths of materials or elements may be 
Pesee tian, expected due to variability in strengths, rate 
Himivoddime wer rects Or they weduction inustnenetin due to 
ty-ove eptects. | Also. the-area of the reintrorcing bars, 
EpemoaZenOr scene Member, Oy the depth sto sone steel imay, ‘be 


less than what the designer assumes them to be. 


Zo. Inhereamay. Dejan Overloading Of the structure due 
COpvariations tm load. YBothydeadyand.live: loads may. be 
more in the structure ithan was.assumed jin the design. 
Metual stresses may be ditferent) fromthe stresses ,ob- 
tained from analysis due to inaccurate’ assumptions or 


NOoGdelling ,errors. 


oe The result of asitan lure could bevcostily not wong 
iuectermms Ob repair Or replacement but also win terms vor the 
Gousequences of the failure including the loss of human 


lives. 


One technique for establishing safety provisions 
Poco nee sthnesmaxi munmuomobability wot failure nto tan lace 
Ceptable value.” The probability “of failure is the pro- 
Papility, thateuie Loads (Uj) exceed the strengths ((R)., 
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Avd2s tra butwon (curve, tor the fsunct lon = hi - 7U 
is plotted Lier C2 le ehhe! propabatihy. (OL) baie Can 
Pep represented bv the area twnder /the ‘curve ini this 1 eure’. 
The probability of failure can also be expressed in terms 
of the number of standard deviations, Boy, that the 
meanest. s15 above zero.  Theterm 6 ise referred to as the 
Sarety, index since, if the’ @ypewat distribution, 1s) known, 
pelsrasmeasure won che probability, .o lf faglure, 

After some manipulation of Equation 2.4, the 
Lolvowanpequacvon 1s obtained :(Corneda, 290907 (lind, 1071); 


summarized in MacGregor, 1976): 
Reopen > UyEp ere ul (25553) 
ihrs equation can be rewritten tas: 
oR = Ux (20.0) 
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and: 
(p=veulcerstrength factor; 


i= FOvVetT Oad Glactor: 


= 
A 
ul 


ratio of actual mean strength to strength computed 


using the code procedures; 


tie wacvoret actual mean’ load to ithe Toads™spectttred in 


Elem buUriding code ; 


p= Sadiety index, taken equal to; 
3.5 for ductile structures with normal consequences 
Gh Taalure] and 


4.0 for severe consequences of failure or brittle 


failures; 
fe eeaescvalLationmraceor taken equal €o .047 5: 
Vige= the cocihictentgoafavartratiom ofeshemstrengtheor tre- 
sistance 
ope ene cOCrIICIenc Of Variation Of tne, loads: 


The values of 8 were chosen to obtain sufficiently low 


Sein 50 Veans tor ductide 


DPLODabaltihies ot fatiure, 10 

Semructures and 10. in’ 50 years for brattle Structures. 
The results trom the present study will pe 

Varveswot Yo anduVver which Canype used) in Boauation 2.7) to 


calculate the umderstrength or ¢ factor for prestressed 


‘ 
concrete beams. 
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Chandrasekar and Dayaratnam (1975) studied the 
probability of failure of prestressed concrete beams which 
were Fes toned bythe lndianeStandards (1S) uCodesand the 
ACI Code. The strengths of materials were generated as 
random variables, the only restriction being that code 
specifications had to be met. The loads were treated as 
CeLeiiiiinls bi cwing one .case.and as havanosauprobaba lity dis - 
Poi Otello second. | lines probabality On wtanlure was 
Ghem,calcinha tedgusi ng scquations. 

INneworobabil tty sOnenal Ly GaoOtethembecamscadecioaced 
asthe amount of steel was increased. ‘Varyingithe strength 
Omeconucrete didunoOtwiniluencesthe probabiuiaty sor tat lune 
SienUnicantly becausey the beans were sunderreintornced . 
VeEGwmElOWsDnOlbabliy ties (OL tatlure were Obtained fOr eehe 
Gades mised: of athe order ot 105°. fom deterministic loads 
and of the order of 107!! for probabilistic loads. 

Bllinewood vand Ane (61974) alksouused a probabil is - 
Li cuapproachstoutal lure... lhe sewel Ot niskwwas -evaluated 
tromeam analys1 oS .orethe wuncertaintiesein theydesicn. 
Uneentainties, -sin the svariab les are ifuncaions ,omythe 
DAs Gave Cl abivent tes. elo sande Ghe ipredict non geurois. uh, 

Gc CiVetimpy oO w= oot Ac 4 The meanwvalicsandathe basic 
variability (6) for each variable were estimated from 
avaviahb le catia  bespasic wariabilmeries, (6) couldvexist 


even if the designer and fabricator took all due care. 
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The Beant cin error. (A) ‘accounts. fonningccunaciesuinues= 
timating the mean. Ellingwood attributes these predic- 
tion errors to modelling errors, insufficient information, 
and inaccurate calculations in design. If sufficient 
data on the variables are available, A can be set equal to 
the coefficient of variation. Otherwise, it may have to be 
estimated by estimating a range of values for the mean and 
then assuming a distribution over this range. In other 
cases, it may be necessary to use only judgment and past 
experience to choose A. 

The uncertainties in fy, fe nos eefandgAhwere 
found using the basic variability and the prediction error 
Pore cachivyariable*. )yThevuncertaanty in the limiting 


Serain. © was also found since this variable was re- 


cu? 


quired to calculate the uncertainty in the balanced re- 


inforcement ratio Pb: The uncertainties in the coefficients 


defining the concrete compressive stress distribution were 
also found. 

The various uncertainties did not contribute 
equally to the uncertainty of M, (the mean flexural capa- 
eiiyiot apbeam falling dnr:tension):; » Ford ightly: meingzorced 
sections, the uncertainties of fy, Aj4e anda.ds Contmabutied 
greatly towards the uncertainty of M;. As the amount 
of reinforcement increased, f., b, and the stress block 
parameters became more important which indicates that the 
moment at tension failure is more affected by crushing of 


the concrete for high amounts of reinforcement. Concrete 
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guadadypcontrolyi(variability ofsf.)fand theimeanjwvalue: of 
thersteel ratio: were: found to have little influence on 

Chev vncercaimtvyor Me ihemuncer tainty Orie thea lexural 
Capacity in compression, was higher than the uncertainty 
CaM concrete. quality ‘control had morevinfluence ‘on. the 
tlexural strength) tor compression failures wthan gor tension 
faalures. 

This probability approach was used to obtain the 
MiGemcadnuy vineshicar capacity. “Whe mincertaintires in shear 
Capacity were considerably laxger than. those in flexure: 
however, the shear uncertainties were not affected by 
POMeGevcrGulalipmarcOontrol, © shesguncentainty rOLedeaq and 
PVvewLOads werewalsSoO.anvescticated. 

PicmlcweneOteSatouy sill tiesto le put Latig lode 
(P97 ta) was evaluated using this risk analysis. procedure, 
hemwasmround Giateunder othe AG] urestrictions "theres is ya 
probability of compressive failure as,high as 25ypercent 
foredes Teel Tationatathne lamit of. AS 3percent of ‘the nominal 
Bat enced steele ratio. WAlso. ethenprobab pl itey tofeshear 
favlures (which are more dangerous than flexural failures 
because they give less warning) was higher than the pro- 
Bapeeecy, Otetlexural tallure <for ta Wide, range iot) tne imean 
Waluemot the Steel ratio.” Ine authors sugvest™= lowering: the 
reinforcement ratio limit to 50 percent of the mean balanced 
steel ratio to decrease the likelihood of a compression 
faulure:., andeneducing theycapacityereductionatacton, ro 
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2.4 Monte Carlo Technique 


The concept that strength is dependent on factors 
that are multivalued was used to determine a factor of 
safety for timber structures (Wood, 1958). Wood used 
Pheqiency Uistripucions tO describe, these factors. Al- 
though he called his procedure the method of random pro- 
ducts, it is the same as the Monte Carlo technique. Wood 
stated that: 

The method of random products consists of 

taking a random value from the frequency 

distribution that represents each factor and 

multiplying these random values together to 

obtain a random product. 

Warner and Kabaila (1968) described the concept 
Of using a Monte Carlo technique in conjunction with high 


gpecd conputcers, CO evaluate structural satety. Their tech- 


Nigae CoOnsisted Of three Steps. 


Ly. Random values for the material properties and 
geometric parameters were generated in accordance with the 


Gencity Lunctions 01 these propertses and) parameters: 


a The structural response corresponding to these 
random values was calculated using a strength prediction 


equation. 


a Steps 1 and 2 were repeated until a large popula- 


tion of structural responses was obtained. From this 
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population, it would be possible -to estimate the proba- 
bility of the responsecfallang! below/atparticularsvalue* 

Warner and Kabaila present the variability of a 
shortereinforcedticoncrete» column asvan? example. rethe! results 
aereceveryawedl with’ thesiclosed-formesolution:. 

Thegauthors pointvoutithativery oftentonly’a 
ena typant, ofptherdistrabution assoefianterestetorthesin- 
vestigator. A few selective sampling techniques are sug- 
gested so that the desired information is obtained in a 
minimum number of simulations. 

Atgheng97 je haststudiedmthesvaniaba lat yok 
flexural failures for reinforced concrete beams reinforced 
mnetensionionly. yAllents#approach waswvery isumilaryto 
tChatiusedmanechisystudy. theedersvedtjpredictionsequatwons 
LOGO TMCLUd LimarewMmomentsandgductalityeratiom( ratio of 
Curvature Zegulcimategtowcurvaturemawayceld) for beams 
developing tension and compression failures. ‘Probability 
distributions for the parameters involved in computing 
ultimate moment were obtained. A Monte Carlo analysis 
was then used to compute the probability distributions of 
the ultimate moment and ductility ratio. 

DThevpredicttoniequationsswere derivedyusing the 
equivalentArectangsularistress blocksfor theicompression 
goneland thetassumption that planessectionssremain) plane. 
The concrete was assumed to have no tensile strength. 

Rhe Dimttingtstuainiinveoncretetandtotheraparametersrdes 


Ginone ithegconcretestrengthnandathenshapesofethe Stress 
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block were determined from tests. 

The prediction equations were found to predict 
the ultimate moment very accurately. The mean of the ratio 
of the ultimate test strength to the ultimate predicted 
Sienenginmwass onilye 11.01 for itension, @aildures anded). 00; for 
Gonpresswon, ihandiures ; Thea coed ficients ox variation. of 
Ces Waitworwasim,. | (pencent Gorm tension fadduresrandy 54:7 
percent) for, Gompres sion wanmlunessae Most of this disper- 
Sion, could ber atitrubuted) to variation voty the, actual test 
beam parameters from the measured values. 

iWemorrect (Of rate of loading one theseompressave 
SegciorimocecOMcretouwas. taken ean ctOnaccoun ts DymAwlen..) ine 
amceomconsidered thesrate ltecti in determining the pro- 
Daa riweve Modeler On wlelas Strength fOr Deantorcange steel. 

A normal distribution was used for yield strength. 

Two levels of workmanship—minimum and good—were 
considered in the distributions for concrete strength and 
dimensions. 

Dieeresulesmtor ultimate moment were mepanted 
ioe the worl OLearratiosot predicted Ultimate moments to the 
Civimate monmentecalciiated using ;the 19635 ACiy Code... The 
distr 1 hur1on On ails ratio was close to jbeine normal. 

Allen concluded that there is a significant pos- 
sions) thatsauseetion wild have a compression taalure 
even when it use underremnitorced according to AGCI3518-63 
dtento Varlatwous an, the concrete strength. | This.agrees 


Ween Ellingwood" s observation mentioned ‘eanlier. He also 
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Gonciuded that: 


The average ultimate moment [ratio] is more 
or less independent of depth to reinforcing, 
percentage of steel, and workmanship. 


However, he found that the variability of the ultimate moment 
treredsed #Lonr Ssiallow, Sectionsnwise., acnin slabs) or for 
high steel percentages whereas good workmanship decreased 
CncwVvani abi liivey Rate Oreloddangendd tittle errect on the 
variability of the ultimate moment. 

Thesdistribution’ for: ductaduityera tionwasis kewed 
positively..iThisimationhad\a higherdvariability thantdid 


ultimate moment. 
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CHAR TER ite 


THEORETICAL BEHAVIOUR OF 
PRESTRESSED WGONGRETETSEGT BONS 


ol | DAStORASSuIIpPC LORS In sAnad ysis 


In order to analyze a prestressed concrete sec- 
tion, several assumptions had to be made. These assump- 


tions were: 


ius PLamerseCtvons, reniadm planer ateer loagman that 
Toethe sSstrainussin fhe beam icross¥Sectmon ane’ proportional 
to the distance from the neutral axis which leads to a 


PenMeaw strain rostral DUTTON Gat the eCrosSsa Section: 


2. Oe strain inthe weinforcing steel was, assumed 
Corbescduaimuo ehepstmainsaim thexconcrete atythe same point 
mec he beam. |} In other words, perfect. bond) was assumed to 
exist and the strain compatibility factor, F, was equal’ to 


eawmsee Section 2.1)’. 


Ly The strain in the prestressing steel was assumed 
fo. be greaterm than the corresponding concrete strain due -to 
ror pneccns tone sunainy that, Occurs ina the steelibetore the 
concrete is bonded to the prestressing strands. Figure 3.1 


Baws that, nelatzve to the unstressed vustatemmthis prestrain 
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is made up of two parts—the effective prestrain in the steel 
after losses, &se, and the compressive strain in the concrete 
cue wto thewprestress ing "forcel\fece. ’ After bonding toccurred, 
heweven ssany tehange in sitrain tin ‘thé iconeréte twas accompanied 
by the same change in prestressing steel strain. Hence, once 


a bond has occurred, this bond was assumed to be perfect. 


4. The stress in the concrete could be determined from 
the strains using a modification of Hognestad's stress-strain 
curve in compression and an elastic line in tension (see 


Se GeO) 5 2100) 3 


cr 


oS. ' *hewstress-strain “relationship for ithe reinforcing 


Secomavas mrs sumed "tO eDemelastic-p rast ie. 


bey hemsmnessanehheiprestressing steel was determ@med 
PrOmMetneesstLainssusing alstress-Strain ‘curve: composed .Of 


tvomsurarchtuelines and a’ parabola’ s(see section 5.4). 


pat Phe Sforces sacting Yontarvcross #section mus &ibe ein 


equilibrium. 


Soy fhe Maximum moment, Capacity Of algiven, Cross Sece- 
tion corresponds to the maximum point in the moment-curvature 


diagram for thatyeross section (Rusch, 1960). 


Seeeectress ocCrain Relationship tor Concrete 


Wevecectr on or Hognestad (S.( Pong )Nst ress Strain 


curve for concrete was used in the theoretical analysis of 
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Peco CEccsed conmernete Sections. i) Hognestadis curve, consists 
of a second order parabola up to a maximum stress of fl! = 
Oyo eenwhichrOCcurs at a strain. —y25/ where wee as 
the initial tangent modulus of elasticity of concrete de- 
fined in Section 4.1. Beyond the maximum stress, the 
Stress pilstassumed to decrease linearly with increasing 
Sear imrows Value of 0. 8st at the maiuimate strains wcq, 
taken by Hognestad as 0.0038. In this study, the same ex- 
pression for\e> and the same value Of (6° was Used. The 
SeveccastCailecurve used inthis Study, esnown ain peunre 5.2, 
dittered from Hognestad’s-#curve only Imethat the maximum 
Suressawas Set, equaleco)the 2n-situ strength of concrete, 
Sapestcis tomethepericCcs OtatheuratenOt Mm Gad ine at wee. 
Pe scepanticularistreng@thois described more: ful iyvimiSecs 
pron 4 al, 

The tensile strength of concrete was also consi- 
eyed. in this: Study. ~The yveason for 31ts anclusionm was the 
Meedmwror as high a degree of realasm as possible In gcad. 
Culatineg forces “and moments. 

A linear relationship \between tensile stress and 
Strain in concrete was assumed up to the strain at which the 
fonerete cracks. © (see Section 4..1)'., “At venstle “strains 
wreaper (than this cracking, strain, Che stress was Zero: as 
fowesnown- an Fisure s.2., The modulusiot elasticity was sas- 


sumed to be equal in tension and compression. 
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0.85 f.’ 


Eo Ey E, 
= 2f/E. | = 0.0038 


Strain, € 


Figure 3.2 Stress-Strain Curve for Concrete 
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SHvo’rotress-Strain Relationship for Reinforcement 


Tienes Uress=strainwrelattonsnip torconventi onal 
deformed reinforcement was assumed to be elastic for strains 


less than the yield strain, e f,/Es where fy aaa heaane 


yA 
Loemyreldestrength and the modulus ofvelasticity. respec 
riuctyerosmactined ini Section 4 2)" AAt strains ereater than 
the yield strain, the stress was equated to the yield 
Strengun. jj because, the onset of ustraan) hardening an the 
reIntorcement .OCcurs atistrainsyvciose tothe tariune strains 


of the prestressing tendons, strain hardening should have 


little effect on the strength and was ignored. 


ee ctr ess trail nekelatvonshap for sprestressinonoteer 


Two types of @prestressing steel strand were, con- 
STuereduinstnis study, stress relievedeand stabilized) The 
main difference between stress relieved and stabilized steel 
is that the~stabilized steel.has been further heat treated 
and? stibjected¥tophicgh tension towreduce=relaxation losses. 
Acedescriped in section 4.35 the process of stabilization 
Tesuics wine slsehnvly amproved Stress-Straim characteristics. 
Miistimprovement is’reflected in the stress-strain curve 
for stabilized strand used in this study. The assumed stress- 
etraan curve torestress relireved strand will be described 
farst. followed by a description of how the stress-strain 
Curve: for stabilized strand is different. 


The stress-strain curve for stress relieved 
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Strand was taken to be linear up to the elastic limit of 
70 percent of the ultimate stress. From this point to the 
stress at 1 percent strain, the curve was defined by a 
second straight line as shown in Figure 3.3. The average 
value of the stress at 1 percent strain was found to be 

89 percent of the ultimate stress although, as discussed 
in Section 4.3, it could be as high as 94 percent or as 
low as 84 percent of the ultimate stress. The part of the 
curve from 1 percent strain to the failure strain, point C 
to point D in Figure 3.3, was taken as a parabola. The 


equations for the three regions are: 


Region I (0 < € < 0.7fpy/Esp): 


a Esp tap SS SIS 
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Region II (0.7f5u/Esp < 


18 0 a 


set 
o = 0.7f5y + +— (3.2) 

Region III (0.01 < € < Eup): 
-b + v¥b* - 4ac fa25) 


where: 
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Figure 3.3 Stress-Strain Curve for Prestressing Steel 
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Oy Sestuess atii@percentustrain 
Fou =(ULtimate’ tensile strength 
Oyp pol cimatelstraimbormprestress ing *secel 


Boot; MeOculus#orhelast teltymMotMorestressaing steel 


The parabola used in this study was adapted from 
aestrTess-strainvceurve proposed by  Murray«and Epstein ™ (19/76). 
in®that none: atparabola.was “used to describevthe stress- 
strain curve between the elastic limit and ‘the ultimate 


SUpEeSS: 


Dg 8 St og 
2 
e= po + 0.1[ 72 - 0.7] (54) 
Sie pu 


Equation 3.4 tended to undenestimate,theseiress at small 
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strains where the curve started to bend over and reached 
ticwultimateystress,at, too .smallwaystrain. pabhis resulted 
Mma stratghe, horizontal, line strom medi umastrains «tos the 
ultimate strain at the level of the ultimate stress. As 
can be seén in Figure 3.3, using the parabola between points 
C and D instead of between points B and D seems to overcome 
Chis problem selt~should salsoubetmnotedatnatsineMurray siwork; 
Eneustywessywas used in the parabola equation: to solve for 
Satie won tnesotuner hands ithe sanalysas: anvthis istudy re- 
Guared “that. the strain be wsed’ to;solve for the stress. 
This involved solving a quadratic equation, as can be seen 
Mrrcutdat ion, 5.5.) soince the vroot required was. always the 
higher one, however, the solution was simplified somewhat. 
IReMSeress-stragn curve ton ss tabilitzed) strand was 
fo sumed- 7O,Dewlineasr up, co Jo pencentwort the ultimate 
Suresss Tatner tian 70 percent in thevcase of stress 
Tebievcd Serdiasampllwddaitaeon, tChesStressed ta lapercen tas train 
Wascassumed,towbe avlittle higher .forestabilized«strand, 
avenacing..90) percentsoftethe ultimatewstress.. with aamaxi- 
mum and minimum of 95 percent and 85 percent, respectively. 
DiS eel duationas.b appliessup.thesyleldestrainawhiche is now 
defined as 0.75f)4/Esp and Equation 3.2 must be changed for 


Stabalized ustrand: 
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The term 8, defined earlier, takes into account the magni- 
Luger OL tne Stress, atel percent strain an Region fa. 
Thus, the stress-strain curve for prestressing 


steel ican be described using four parameters: 
Pe yechesmodu lus /Ofvelast icity. 


ALN CartO OLeSCIESS) at) percent strain to Ulta 


Se aene ultimateastress and 
as) sther ultimate strain’. 


Values for these four terms are presented in Section 4.3 


Sr this neport. 


s5 Method forgDeveloping the Moment-Curvature Diagram 


The moment-curvature diagram was developed for 
a beam having the properties generated in each simulation 
in the Monte Carlo program. The maximum moment from the 
moment-curvature diagram was assumed to be the ultimate 
moment capacity of the section and was compared to the ul- 
timate moment computed according to the ACI Building Code 
(197ila). “A®typical moment-curvature diagram for prestressed 
concrete beams is shown in Figure 3.4. Curvature is de- 
Pineqdeas the ratio Of the strain, at the “extreme concrete 


fiber to the depth to the neutral axis. 
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Typical Moment-Curvature Diagram for a Prestressed Concrete Beam 
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The moment-curvature diagram was developed by 
incrementing curvature. For a particular curvature, the 
stlain ‘at theytop of the section was altered using either 
the Newton-Raphson procedure or a trial and error procedure 
until the compression and tension forces in the section were 
essentially equal. These procedures are further described 
im the balance of thisiisection and in Section 3.6. "Once 
the forces were balanced, the moment was calculated and 
thus one point on the moment-curvature diagram was deter- 
mined. The curvature was then incremented and the above 
procedure of balancing: the ifoycest and calculating the: moment 
was repeated. This was continued until the change in moment 
ae tbenran inerenent= in curvatune™=was So slaght that for aii 
practical purposes, jthe ultimate moment thad been reached. 

Before the calculation of the forces is described, 
a brief explanation of the notation and sign convention is 
imeonder. Lhe basic notation for; dimensions, strains’, 
stresses, and forces is Shownmil Figure 3.9. [he ‘strain 
Bemine top. Of; tne sSeCtLOn 1S se, . Che straineau the bouton 
bewithe tf tance is 6,7 and the strain atthe bottom or phe 
Section 1s <7. sCOMpressiye strains and forces were) taken 
as positive. A positive moment was taken as counterclock- 
Wise as Shown in Figure 3.5. 

The compressive force in the concrete was calcu- 
fated) by spaictang the stress: distribution into’ three parts 
as shown in Figure 3.6. The area under the parabola could 


be calculated by integrating the equation for the parabola 
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as suggested by Gurfinkel and Robinson (1967): 


Ey 2 
OSs " Le iy € 
=| lS [=] "Jae (3.6) 
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The areas of the triangle and the rectangle could be cal- 
culated using simple geometric relationships. These areas 
are multiplied by the width of concrete that is influenced 
bya thispestresspdistrabutaonsetopgive thestorcesin thatepart 
Diatnhe, compression gone.,,.Forya rectangular, cross-section, 
Phere Weres Ourm basic) caseswasy Shownkint Figunesseve sror 
a T-section these basic cases had to be adjusted slightly 
to take into account the area of the flange. There are 
Dineeditterentmcases) Cow~considere for sagieseetion.«emhe 
Var2ous Cases for rectangular and, T=beams).and the ‘corres - 
ponding equations; are» Summarazedein Appendix A. The four 
Sa5esce Or Che. rectangular, section arevinciiudéd. in, the: nane 
@ascsutoratheud=-sectaone since inagurectancudlarysecta onk 
bee =bi and some Unnecessarveterms drop Out Iinathemequa tions. 
Ltesnoulde beanotedsathatesomen,0r) thesenequationsearesnot 
very accurate for very low values of ce, and €3; since these 
terms are takensto thesthird or.fourthepowergategimesee This 
imaccuracy dadsnotyarfect, thesresultsiofythasastudy 5 how- 
ever, sance,theseritical,ranges correspond|toshighjvalues 
OS Sie 

Thestensionaforce inethesconereteawassecalculated 
by multiplying the area under the triangular stress distri- 


bution by theewadthwotythesconcretesiniluenceddbyythisystress 
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distribution. This may be expressed as: 


Tee (ces ts (3.7) 
e wee PAG i ; 


where Eso isthe «distance ¢shown sin Jjhigure 3.6. 
BOR ee ciVenrSthainwdastripution, stheastraan an 
each reinforcing bar was obtained. The corresponding stress 
Was OD Caimed fromthe stress-strain curve. jlhais stress. 
when multiplied by the bar area, gave the steel force. 
pimilarly,, the strain at the .level ofthe Jpne- 
SEnessing «tendons, +, could be determined for ayciven 


Sthaimedistnibutrons, »«As explained in ySectian.3.s1,and 


BPapunes 3 <b, sethevtotal straingin the, prestressingysteelwis: 


Cheval po wagecburase (3.8) 
DieseLOadecradually reduces the compressive Strain in’ the 
Concrete sdaue tothe prestressing forces teca, co. zero. strain 
DeLOremUncHNCONGLetemab  thewlevel son thepprestressing steer 
goes into tension. 

Oneestnesstrainwiny thes prestressinges steal iwas 
Known, the stressi was obtained from the Stress-strain 
curve and the force was obtained by multiplying this stress 
by the tendon area. 

Concrete that was displaced by the steel was taken 
intoraccountc by icalculatine the compressive force ithat this 


emount of concrete would have exerted, (Cp camand then sub- 
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tracting it from the compressive force. This displaced 
concrete was taken into account only when the steel was 
above’ the neutral axis. 

The total force acting on the section was ob- 


tained? by’ summing®’all® of? these? force's? 
Peas Cepeda Team ite relate 2 (3.9) 


As@explaineds earlier,’ tensile ’forcesyarevnepative: “ihese 
forces should add up to zero since this was a beam and there 
waS nO axialfforceton*it. IThe* computer’ programs hadsa 
tolerance built into the force balancing procedure so that 
the sum of forces was close to, but not necessarily equal 
CGLEZETOS 

Once the forces were balanced within tolerance, 
the’ moment was calculated by multiplying the’ forces’ by their 


moment arms: 


egal : d,| Com Cos) 3 : a" (3.10) 


The expressions for the moment arms for the compressive 
force in the concrete are given in Appendix A. “All the mo- 
ments were summed about midheight. This introduces a small 
error since the resultant force, P, acts at the centroid 


woien Ls not. at midheight for T-beams, and should thus con- 
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tribute to the total moment. However, the moment due to P 
would not significantly affect the total moment because the 
tolerance,on;P.was.small enough) that Puwas,closeyto zenro. 

Figure 3.4 shows that a prestressed concrete beam 
Iseinitwvally.subjected sto negativencurvature,. Lhis is 
caused by the prestressing force which makes the beam 
camber upwards before any load is applied. At this stage, 
the top of the beam is in tension (or at a small compres- 
Sion) sandsthe bottom ofthe .»beam i1Svinwcompression yas 
SHOWN. ein shi gune «3.41 (a). 

Bipune a5 44 also ushowspthat sforiansmall sincrease 
in) curvature, sthe moment decrueases: Sla.chthlyiat sthe ,onacking 
moment, Mer. The cracking moment is the bending moment at 
WiLGREGne Estrada tate wDottomuot the ssectnen reaches, the 
CTACKineiSthatnesUp, Unb Lethasspointsncheatensronssonce 
iene GODC GEG Le sincGneases pas sthees Gra ineinwche ¢conGrete 
increases: . AS »soon as «the.concrete cracks, however fethe 
tension .Lonce -in »thescnackeduconcrete udisappears. As the 
Grackine «in athe sconcuetesprognesses: supward 4 thewtens1onehorce 
in the concrete reduces in magnitude and moves toward the 
Neutpalsaxis.causinesa Slightadecreasesinamoment ~atythis 
HOU  weisethescurvature sincreases,showevergetnus reduction 
in moment is soon offset by an increase in the moment due 
fOatne Ancrease sinathesreinforcement ‘stress. 

The decrease in calculated moments at cracking 
was found to stop the development of the full moment- 


curvature diagram in some cases. This problem was overcome 
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by finding the cracking moment and cracking curvature and 
then bringing the magnitude of the moment up to the level 
of the cracking moment if the curvature was greater than 
Liewetackine Curvature. ‘This 1sshown oraphicaliyv ein Fi - 
PULS 574 mtn gerrect, the dip wim the curve was, eliminated 
and was replaced by a horizontal line. 

The cracking moment and cracking curvature were 
cCalculacedsusing a trial’ and wernor procedure. | The strain 
at the bottom of the section was assumed equal to the crack- 
ie Strain vand the curvature jwas, incremented until Che com- 
pression and tension forces were equal within a tolerance. 

Inga few cases, ay second idip in gthe pmoment- 
curvature diagram was observed when the tension block in the 
eOncrere eXtended intomthe) flange Ola )-peam- 

Generally, the ultimate moment was reached when 
€ither ithe Statue thewconerete at ithe stop of the section 
Peaciedpanewitamatce Strad wmee,  OlmMenemst@natm in ther pre- 
StUressing steel reached ithe whtimate, strain, Eup: However, 
in some cases, the maximum moment was found to occur when 
ihemctvaims il tie cONCTGLe ance stee huweremless “chan tne 
iitamete- STAs. ine Sigpe sot Chevconpressive Stress 
DIOCk was Dartiy responsable stor this, asmiliustrated in 
Figure .0  cCOrsOneeparticulam case. Ihe increase: in > 
andee,. FesuUlLts elisa wenangce. ii SCreESs distribution, shown 


by the dotted lines. As ¢ and ¢e, increase: 


1.) Eps ancreases, (resulting in increases in the steel 


stress, force and moment; 
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“a0 Thestensitonsforcesinrthe sconcrete decreases due 
tovya decrease in d+... Also, this force gets, closer to. mid- 
height, therefore, the moment due to the tension force 


decreases. 


oS.  pphe compressive force in the cencrete may decrease 
because the position of €9 moves down. There is less con- 
tribution from the parabola portion of the compressive block 
and slightly more from the trapezoidal part. The centroids 
of the parabola and trapezoid both move down resulting in 
Peer nonent armsSeand a smalleremoment due to the compres- 


Save force in the concrete. 


Ifythe decrease.in) the moments of the concrete. forces,is 
more than the increase in the moment of the steel force, 
the total moment will decrease. This beam was investigated 
attthe ultimate momentncondation, assuming = thesconcrete 
Strain was at the ultimate strain and the moment was found 
Copbesg less) than@themmomentstony the, distributions shownsin 
hevure 6c telhus wthesudtinatesmomentimaytbemmecachedy bes 


foreuthe! StrainsPTinetherconeretevandesteciireachytheiraso- 


caddedeultamatemstrainss 


Se0reaNumericaleAnalysasy Techniques 


Two techniques were used to determine the strain 
Btetne LOD Ofetnensection, ©, ,.. Chatwwould balance the 
forces. ihe darst technique was the extended Newton- 


Raphson method. This method was used by Gurfinkel and 
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Rouseen (LOG 7)Peto: determine themstrain distribution in 

a reinforced concrete section that was subjected to com- 
bined axial load and bending moment. In this study, the 
SeCelONyis NOt Supsected 'tOmalongituaimal load so the 
procedure is simplified somewhat. The Newton-Raphson tech- 
DLuerconverves: on the Correct. value. OL ce, Very quickly. 
Thus, the computer program used in this study tries to use 
tnis metnodswherever possible. ‘However, ‘this technique does 
break down in a few cases, as discussed later inthis sec- 
fiom, When sehis happens. ‘a triad andgerror technique is 
employed. 

The Newton-Raphson procedure is used on nonlinear 
cunves. Jin this case, it sis) used oni sremiorcetop, strain 
PP ape, ) Curve RMhich Can Naye intleclion, points, as. shown 
Wiens we nertS tOnerP i=", curve Lor cach, cur- 
Veture,. Gey Ine Usperipart of the .curwe becomes flatter as 
oe, sncreasesm Kecpingr®d constant) because, the compressive 
SirTess INethe cOonerete does not increase as fast asthe 
Sirvaindaawe cto thesshape of \the ‘stress-strain ‘curve for “con- 
Creve. boee Section. 6-2 and tacure:.5. LO (a) 19 Asie, de- 
creases, the compressive stress and hence the compressive 
force decreases as well. Eventually, as €, continues to 
decrease, the concrete cracks in tension and, because the 
Peewee Curve ic ploeted for a ‘Constant, valueot >. (the: ten- 
Sion force: Tremains constant: while the compressive iforce 
continues to decrease as shown in Figure 3.10(b). Depending 


onmtne magnitude ot“the steel force, the @eesultant force, P, 
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\ increasing curvature, @ 


Figure 3.9 Typical P - €, - @ Curves 
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(a) €4 increasing 


E, decreasing 


Strain Distribution Stress Distribution 


(b) €, decreasing 


Figure 3.10 Changes in Stress Distribution as €, Increases and Decreases 
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could become Negative rvas Shown, nibs os rane ring LeC-= 
tion point appeared to correspond to the condition of zero 
Strain at the bottom of the Section. 

The strain distribution with zero strain on the 
tensile side was chosen as the starting reference point for 
Bhe tiirst) curvature. Thevtorces due te these strains as 
well asmthe resultant force, Porn were then camemraced, “as 
described ingoecticn..3..5am60nce the cedrdinates of the 
reference point are known, €,. Ys#eiven a smallincrement, 
fem, 2s ShOWn ine taigure Solly and) ¢he*coordaitaces, O1rmthis 
point are calculated. The slope between these two points is 


then calculated using; 


Be ae ref 
Sen = ead Yi (57) 


PRCcCOTLeCbLVOn LO ey, © is determined by going along 


CiOlim 
this slope to the desired, level of P as described by the 


rolsowime equataonjand @s shown graphically in Figure 3.11. 


P : ai 
_ desired ref 
2th sO Trae. (eet) 


HOrrpresitressed concrete beams, the desired Peis iero.since 
there. 1s 10, external axial force on the y~beams.. “The value 

Of PF) LS CaA.LCu base GietOtetDLS mewnwcOnmectedeavialuce (Of ey. This 
Peismenen conmparcdy to ine tolerances level.)  Viiit as close 
P1oUCMELO Zero, mo turther\ iterations are required ..\/ Lf 


Mot, this corrected point is taken as themaeterence™ point 
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Figure 3.11 Illustration of Newton-Raphson Technique 
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and the process of incrementing €,, Peuuine des lope, fand 
then shooting along this slope is repeated. 

Once the value or PP isuwithinwunervallowable: toler=- 
ance, the moment due to this strain distribution can be found 
and ents one point on the M—¢ curve has been determined. 

The curvature is then incremented and the “correct” ec, 
from the previous curvature is used as the starting point 
on this new Poexy"Curve as Shown in Figure 3.11. 

Some problems were encountered with the Newton- 
Rapnson procedure in sconnection, with (thesancrementing of 
Curvature. | itethevincrement wasitoomiarce., the Newton - 
RapnsOneprocedune would tendmco,. Shoot stonarcorree ced 
Cyunat Waseclose tO, 10m greater than, theultimate, strain, 
Seve LOmtiee shave: OL et Reomr—c wecUulVowinlatnis  Pegron,, the 
calculated slope for the next correction was either flat, 
aS sitomn In Figure S.i2Ga) > (Omeyso Slight thateat negative 
Vatue GL ey Tesubted@ asm Bweures5-uZ0b)e9 A reduction, in 
tChessize Of-thesinerenentein curvature: corrected these prob- 
tems. as Shownpeby the dotted cunves in these ficures. 

The Newton-Raphson technique was found to break 
down in a few other Cases. These problems did not have 
anything slo doiwienrthevincrement: of curvature. |One case, 
SHOwNei #eLeucer suelo a), rOeCurs jwhen tnevconrected. value of 
SvecOorresponded touas> ‘tChatiwasmtarther away from zero than 
Che, startingaba ihervValuewol 6, may not converge to the 


solution when this occurs. Another case occurs when the Newton- 


Raphson method oscillated back and forth between two points 
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Figure 3.12 Problems with Incrementing Curvature 
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Figure 3.13 Cases Where Newton-Raphson Procedure Breaks Down 
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as shown ibigures >. 03{bje eet. another case where this 
technique cannot be used is when the value of P for ce, and 
The value ote Prtoreec.,) + Aeyoaresequals  itheastopevats: thus 
calculated POMUerZerOr andmenesvalneworl en Cannot ibe cal = 
Culated> sasshown un Fieures 5,05 (c). 

When the Newton-Raphson technique breaks down, 
avtridaieand ’érror approach as used, This’ procedure basical- 
ly increments €, until the forces balance within a speci- 
fied tolerance. The increment is divided in two every time 
the Sign of Pichanges and Prisfstill. outsides the tolerance. 
Thus the increments become smaller as the method converges 
om chemcorrect ey.  ihissmethod 21s > shown, graphically in 
Bagure S74 Thesvaluer ow Pi se calculated for point a 
Prrst.)| Since Pp -2s,0upside ‘the tolerance: and 1s ‘negative, 
Pie eStwAIn je, is wMcreasodepy: adding an increment, Aci. 
Because P for point, 2eis' still outside ‘the tolerance, Ac, 
is added to, thesstvameatepoint 2. Going from point 2 to 
DOING, iLieesteneoi Pechances andthe Prat point:)s) Vs <sti 11 
outside the tolerance so the increment is halved and sub- 
Peeceen trom poi. Inthe t@igure, point Ars within the 
LoLerance southerprocess is: stopped. Lfathe tolerance: is 
small or the increments are large, the increment may be 


haived a number, o£ times. 


S7 oe ALL Cateulativen of Wiltinate Moment 


The calculation of the ultimate moment capacity of 


prestressed concrete beams according to the ACI. Building 
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Figure 3.14 Trial and Error Procedure 
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Code (1971a) Psarecquined Siny this; stiuyen sthasy calculation 
is basically the same as that for reinforced concrete beams. 
Thesonly dmtterence 1Sjthat there 15 aetorce:due to the 
prestressing Steel; as TShown any raenre so. 1 Se 

The ‘ACI calculation of ultimate strength is per- 
formed by the ACI subroutine in the computer program de- 
veloped: tor this ‘study. The rectangular concrete stress 
CUS tribution as shown in ’Figure S.15@is permitted’ in| the 
ACI Code and was used in these calculations. » The depth of 
the rectangular block was determined from a = 8;c where 
Cece uiemcentindcouthe neutral axis ands 6a, 1s a constant 
defined in the ACI Code with a value of 0.85 for strengths, 
coup to 4U00spsieand which 1s reduced continuously at a 
Baten on Ul uOommearon hOUUMDS is OL StTenU Gn win excess: Ot 
“Huy psi. Thesmaximum Strain “ineithe extreme concrete com- 
pression fiber was assumed ™to bem0m00S" as Specified ain ‘the 
ACI Code. Thestensile stnength of the conerete was neg> 
lected. It should be noted that the ACE caiculation of 
Hitiamace moment. in this study didemot include-any under 
strength (>) factors. 

ThenehrectoLwconventionalereimnforcing steel ‘on 
the ultimate moment was accounted for in the ACI ‘subroutine. 
Tension, Teintorcine steel was always assumed to be yielded 
AGeallowed tin isection 18.7.2 ofethe ACL Code. Following 
a check by hand calculations, this assumption was found to 
be true for all the beams investigated? an this study. Any 


compression reinforcing steel was also assumed to be 
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yielded but, unlike the assumption for tension steel, this 
assumption \is»checked in the AGI usubroutine ‘using atstrain 
compatibility analysis. If it was found that the compression 
steel had not yielded, the stress was set equal to the modu- 
luseof elasticity ‘multiplied bythe steel strain. 

Ghegstress tin the yprestressingisteel satudesign 
load, f55, was determined by using Equation 18-3 of the 


ACI Code: 


1 
fhe i= a6 | - 0.59, a (3.13) 
where: 


TooMmeUleimatessunenstheol thegpresunessing 


Seco. ipsa 


Pp = Asp/bd 


= Tarrvokofeprestressed (reantforcement 


fuegaispecified compressivess tueng theort feon- 


Eretesopsa2: 


Tiss equation 1Sealeapproximacion and ‘cam only wbe wsed af 
fo_ is not less than 0.5f,,. However, the mean nominal 
Value of f., Was, always preater than 0.5foy for the beams 
investigated in this study. The above equation was used in 


lieu of a more exact strain compatibility analysis because 
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Che designer would probably use that equation. 

AS TWri teen tor) thissstudy,. the ACI subroutine could 
handle only one layer of compression steel, one layer of 
prestressing steel, and one tayer of (tension reinforcing 
steel.) Thus; af an¥reality thererare three layers oftpre-= 
Stressing Steel, in the program:the prestressing steel must 
bevlumped at the centroid of ‘the three Lavers. 

If prestressing steel and normal tension rein- 
foreing steel arefboth present, the’ combaned).centroid® is 
G7 cubaredmand) the reriective depend, «as tdefinedoas “the 
distance from theyextreme compression» fiber "to the combined 
eentroid (ACI Code, 1971a). 

The AGiesubrout@ane cansdetermine *the ultimate 
MOnenuatLOrecitnersaarectangcular“beam, Oneal -beam. SAebeam, as 
classified as a T-beam when the total maximum compressive 
Pores possibfewrrromythe *concrete*in*the*ilangse andthe com- 
pression steel is less than the tension force so that the 
feutralvaxis 1s fTorced*down into the web. 

When) the compression steel lies within the equi- 
Marenewrec tant larestresseplock, thesaneavoL Concrete (that 
isecoisplaced by the steel is accounted tor in the program 
Dy esuUptcTaAcCtinguthe force duc. to this varea “from they total 
compressive force calculated assuming that no concrete is 
displaced iby ther steel. 

APOcamer sec Lassitied.as Underreintorcedvand the 
Ultimate moment is calculated in the normal way only if the 


Steeleratio is ess .than- or equal to 0.30: 
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whene: 
W = pf) /f". (tension reinforcement) 
wl = p'fy/£'. (compression reinforcement) 
Wp Ppf,>/f'. (prestressing steel) and 
Ww»Yow»Wyw' = reinforcement indices for flanged sections 


computedseas above except.<thatub is the web width, and the 
Speci yereails thaverequinedetovdevelop the «compressive 


Strength of the web,only- 


If thesstcel ratio is. greater than 0.30, the beam 
is classified as overreinforced and the ultimate moment is 


Carculatediusinge stnerequation HACI,41979b): 
Mimi Ue oi pds Peet aie) 


This equation underestimates the ultimate moment because 


there are additional safety factors invthis equation due to 
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the nature of failure of an overreinforced beam. This type 
of beam fails when the concrete crushes, which is a sudden 
and dangerous failure. 

The AGI; Code (1971a)) requires that the area’ of 
prestressed and nonprestressed reinforcement be sufficient 
to (develop a design load of at Least 1.2 times the: cracking 
load. This provision eliminates the possibility of a beam 
Reaching. the reracking momentland Lhe wi tamate Moments 1- 
multaneously. This requirement was checked using another 
RCT proeramy ote al Lsithe beams -studtvedshere. | [his/ requare- 
ment was not inserted into the ACI subroutine of the Monte 
Caner procranmeDecalise mw itealsga, CeSTON encuuarement, Tot an 
analysis requirement. lf this requirement was not met, the 
Section Nadmtompe adjusted byradding steel until ab was 
Sacisricd. Oniveebeams satistyving this requirement were 


sed in the#Monter Carlo studies. 
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CHAPTER LV 


PROBABILITY MODELS OF VARIABLES 
AFFECTING SECTIONS. TREN GTA 


The strength of a cross section of-a prestressed 
eonerece beam as atfected by ithe: Vdraapaa ty oc) che. con- 
crete, the reinforcing steel, the prestressing steel, the 
DrestLess 1 Once yand Josses, and the wdimensions. | A. pro- 
bapulity modelers, cequired tor: each of these, variables: 10or 


use. in the Monte Carlo program. 


aed eCONCTOLe Vartabriity 


The probability models for the compressive and 
Pensape Strengtism on concrete and forvthesmodulus of elas- 
tLicitiysok Concretemwere taken from aystatisticalsdescrip- 
Promo: Che ostrenvtn O1econcrete prepared he MRS, 
Haezinikolas j sandsMacGregor (1978) <andiwild not’be, deraved 
ene. 

Thesmeane2cgcday.strengthiof ‘concretesin saastruc- 


ture for minimum acceptable curing was given as: 


Bisa meme Jota met 1.001 e el vades Tale S 1 (4.4) 


The subscriptes>edencteseatrmate of loadingsof 55 psi/sec. 
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which represents apiUy DI Catwtes tanger acer soreaeCOncreuencon- 
tro cylinder. 

The -ettectiot: ditferent rates vor) load ineeshourd 
also be taken incoraccounte \Vihevhionenythernater orp loadings, 
thethigher theyapparent strength. ‘Lower’ strengths at 
loweérerates of loading are probably due to creep and micro- 
cracking effects which have more opportunity to develop 
when the specimen is loaded slowly. The mean value for the 
d7g-s7i7y  MOr)lan-Structure!) compressiverstrength ativa irate 


Gielodadine ot Repsi/ sec. was, taken tas: 
Dean oe Dae Gee eG “ 0.081l0g, 9R) Jpsi (AyD) 


TRe@coerei Cientwotevariationgor the /in-stcu 
Strength at a given rate of loading was given by Mirza 


Gara, (1978 )8ase 


where Vocy| is the coctlicienteomevariavion of) the compres + 
Sionmeest cylinders 101 a particular yjobwa in theyanabyses 
reported in this thesis, pretensioned beams were assumed 

to be precast, and hence were assumed to have better-than- 
average to excellent control with Vecy; equal to 10 percent. 
Post-tensioned beams, on the other hand, were assumed to be 
@astein-pllacéiwithfaverage!concretegcontrol, tor which Vocy| 


Waestakentequal\toni5apercent-« 
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The tensile strength of concrete was represented 
by the model for flexural tensile strength proposed by Mirza 
ay @veagho7.s) sin leu let *that ior vspla tring itensilevstrength . 
This was done because it was felt that the former better pre- 
dicted “the tensile strength of concrete’ in a beam. The 
following two equations were used to describe the tensile 


Str énvoh topiconenete: 


1 . 
BS MOH ISes we LeMStI 10L96 (1 + OF itogy R)Ipsi (4.4) 


V ae WW) (As: 


The model for the initial tangent modulus of 


elasticity used the. tollowinemequations: 


Nw 


= 60,400f eiucoU> ONDsio stat) (4.6) 


EP eer CSitale 3:5 


WheretCGis the®loading duration in seconds 


ss brary = 0.08 @4:.7) 
It can be seen from the above equations that the 
tensile estrengthvandtmodulus Yofselasticityedepend on®the 
compressive strength. However, these equations by them- 
selves do not prevent the Monte Carlo technique from generat- 
ing a high value of compressive strength and low values of 


tensile strength and modulus of elasticity. This would be 
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unrealistic because, as can be seen from the above equa- 
tions, a high compressive strength tends to be accompanied 
Dyeanirehs tensiverstrengthvandea bach modulus of ‘elasticity. 
POMDYeVentwunrealestic combinations trom occurring, ‘the 
mean values of tensile strength and modulus of elasticity 
ome Sc epcdUc coe Vvalues (thatwdependsomethicupencrated value 
of compressive strength before the random number generating 
subroutine 1s used to generate values for tensile strength 
and modulus of elasticity as described by the following 


equations: 


ee RES vik (4.8) 
Det ea 00, 4 00y (4.9) 


where X, is the generated value of compressive strength 
ateavrace of Voadinowequal’ to 35 psi7see. tor the particular 
beam under consideration. 

Equa Grvonsma.2... 4.4), "and 4.6-arenthen used Lo .ap- 
Divsine rate ofeloading eftects, to the generated values. 
Rha s)procedurewchsites athate11f a; high valueris ‘cenerated) for 
compressive strength, relatively high values would also be 
generated for the tensile strength and modulus of elasti- 
GLey. 

Thencrachincwms train, 6, ws) ecoual,topthe tensile 
Srrenoch divideu. py. the modulus of elasticity. 


Thesdistributtons of compressivemstrength,~ten- 
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sile strength, and modulus of elasticieyaor concreteswere 


assumed to be normal. 


teeeehRGinLorcing. Steel «Variability 


An elastic-plastic stress-strain curve was used 
for the reinforcing steel. Probabilityimodels of properties 
related to reinforcing steel were obtained from a paper on 
the variability of the properties of reinforcing bars by 
Mitza andeMacGrepor (1L97Gay.. “lt should be noted that vonly 
Grade 60 bars were considered in the present study. 

Thewmeanavalue and! coetiicientmot vaniation of, the 
Ute ces t yicldesurengenywere vil v0U) Ds and 9.s. percent, 
respectively. ine probabaiaty. density, tunction (PDE) of 
Ceol laos Le lun SEnelo tn Was ,CaucuLaced US 1m aia 


Decawraistr1DuULTOnN maescriped Dy: 
Ago ale eee eet es 
PUbe = els L See . ge (4.10) 


y fekSa) <9 108 

TNewmniLieeees ts Terd. StTrenoen is ede ceriined at. a 
much greater rate of loading than is normally encountered 
Mine. StTUGtUl came SmomenCSUl tT wthelVvi1 Olan StrenothieiS wOvVer- 
eetimated... baiseiseconnected: byesubtractang eee from the 
Well test wvicldeserengthato getnthevstatic wvieldsystrength. 
the aistribution of df, was assumed to be normal with a 


Meahavalue of 4a5kSi and coefficient.of variation of 
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Loe percent. 

The modulus of elasticity was assumed to be nor- 
mally distributed with a mean of 29,000 ksi and a coeffi- 
Ganong of Variation Of S23 percent. 

The actual area of reinforcing steel is usually 
notvequal® tothe’ nominal? area” This*is* taken into*account 
by multiplying the nominal area by the ratio of measured 
Lormominalvarea- A / AU. (This«ratioeisinormalily distributed 
andwiruncatedsat.0.045 ande1.06. tdthas®axmean’ valuéerot 
0.99 Aandwarcoetfacient) offvariation: of% 2844 percent. 

Because reinforcing steel comes only in certain 
Sazes, the’ furnished area’ of steel’ 1s usually not! equal 
toe Chet area ore steeds requireds by calculationsss ¥ Therefore’, 
cthemnominal*anreavotisteeliashalsoomultiplived™ by thetratio of 
rurnie hed eto Calculated) areas, *A¢/Ac. Avmodified log-normal 
eis oibuLlon withemeanevealue “1. 0d, coetiicrent of varration 
aAppercent, and moudticationm constant 0. 9tewas used forthis 
rata. @& This distribution was Suggested by) Mirza and 
MacGregor (197 S3bjsin their paper “Variations in Dimensions 


of Reinforced Concrete Members." 


Me Sau Prestressingesteel® Variability 


Data pertaining Co prestressing strand. was ob- 
tained from the material test records of Con-Force Products 
Pea MEamontonw orto ang 1977)... “tbasudata ancluded 99 
ance P00 samples, respectively, of Grade 270.stress relieved 


strand and Grade 270 stabrirzea strand. “Ine Strand was 
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from two sources in two countries and was in two diameters, 
Ws, andwl/.2ninch. (iihisedata’ wasiiana lyzed shatisticably as 
desGribed sinathis«section:. 

A number of correlation analyses were also per- 
formed using this data in an attempt to find interdependence 
between parameters. No correlation was found between the 
ultimate-strainvand the ultimate stress nor between the 
Shiai auy/ORpeycent con (the gultimate *sotiress sand sthe ywltimate 
strain: A good correlation was found between the stress 
Sater laepencent UStrainyedr,<and therulLtimatewstzress; fou 
using a power regression analysis. However, a simpler, 
linear relationship was found between o, and fp, by divid- 
the theanean valwegot stness jatyl spencentestramaeaby athe mean 
Voie ODsUlLGiMatems tress Phoyeetatheteoefricient kin Sthe fol- 
lowing equation: 


(4.11) 


where: k = 


Thegnesutusfopmthescerrelatieoncanalysesawerne used 
to help determine what parameters should be used in de- 
Scribing the stress -strainncurvestor jprestressingsstediy: 

A number of different parameters with different equations 
were tried before the stress-strain curve described in 

Section 3.4 was selected. The stress-strain curve was de- 
scribed using four parameters: ‘the modulus ofselasticity , 


Cieamatio of ther stress at 1 percent ‘straimmeo, the ultimate 
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stress, Lhe ultimate: stress and the ultimate strain.’ The 
mean Vaduewand coefficient “of wariation of each of these four 
parameters was needed for use in the Monte Carlo program. 

BhevCocrirCrent: Kein teguatton Aid! »Wast round to 
be Uls9) tom stressvrelievedsstrandsand 0.90 for stabilized 
Strand.) Equation 4.11 was *tound to fit the data very well; 
given the measured ultimate stress, this equation yielded 
values for the stress at 1 percent strain that averaged 
0-997 tames stheemeasured values of o, with a coefficient of 
Wario OnmuL ue! sbNe COCTTICient: Of Variation, Of oh ea 
was’ takensequaletoe the cocefiicrent-of variation of ithe 
Stress erepercent. Strain which iwasmequal to 7 Zpercent:. 
The value of 0.90) for stabilized strand is a reasonable 
Venice One OUlwoyvet nee tact that) Sectaones. 6.2 \'0r SA 
PeauudtosGc /IReloro) susSes 90 DeErcenc On The mminimin break-= 
ing Strength ofsuhei strand fas thesminimum value for the 
Stress atel percent extension for low relaxation strand. 

Values for the other three parameters were ob- 
tained by comparing the statistical analysis of the Con- 
Force sdataawithmdaea. 1 rem the ernerisounces lasted in 
Tap les Abelard ses 

It can be seen in Table 4.1 that the mean value of 
the reported modulus of elasticity from the Con-Force data 
was 27.58 x 10° psi which was low compared to the American 


data.* However, the modulus of elasticity calculated from 


*Private communication not to be identified by company name. 
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the ponerores data by dividing 70 percent of the ultimate 
Saress, OU /Ioy, by the corresponding strain, ej.> agreed 
wery well -with “that ‘trom the American data jas shown in 
Davwersnie PbaAsecay On thts thcemedueydtuemot the modulus OL 
Staci re ey eOrm Grader: /OUStranuewasmtakeu aso 4 TO Sd. 
Wrthea COCLI IC entPOoLr VarilatLlonnoL ovo percent. 

fice, cen uO Lacititate, comparison, of ultamate 
Strengths trom ditterent ssources, 1thereratio ofr the mean 
ultimate strength to the nominal ultimate strength was 
computed and compared. Table 4.2 shows that this ratio 
Vat ee GOMmu een meOl e+ uO cL Nest Lang. nev GOn Porce 
direc Vimar e ee iemlowrendmoOtetiis mranverandtalson had si ghit= 
Ty tower COG. 1 @1ents Ol Vvaraatton than the other sources. 
The mean value of the ultimate strength was chosen to be 
ete ON mia wun eCm Seberetne Or "bOtCh = types OL strand: 
PepuccenGeciVcrOmmunorCOnororce data ami nomecOctL1Cd elun On 
Vat tat ON Was Close LOUDCwZ. os DeTCeCHhUan lias value is 
rougniy the averavgemor the standard deviatvons or allror 
Che eestsr Ore strandquoted an lable 4%. 

NOt =mucnh data*was avarlable tor ultimate strain 
(Tapleé? 4.5).) Pine Con rorce data! indicated a mean ultimate 
Stradi ol” U0+0 5 any mand wa COoctt1Clent ot Variation ot 
7.0 percent. These values were used for both types of 
Strand. 

Based on the data collected and the observation 
by Brenneisen and Baus (1968) that the mechanical charac- 


teristics of prestressing wires, bars, and cables were nor- 
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mally distributed, all prestréessinge tsteeltproper ties were 
assumed @cvo be normally*distributed tin this study. \0Aniup- 
pervand@lower limit twas. set vonly (for ?the ratio of stress 
au Fi percent Strain*to ul timatevseress LaeThis@wouldauresult 
ited eeruncated normalrdistribution bieiThe slimits were set 
at three standard deviations away from the mean value re- 
SUluineelntaneupper and lower Limit of 0.94 and 0.84 for 
Stress réelveved strand} ‘and*an supperfandrlower? limit of 
vevovand FSS for stabilized .strand: 

PtUsshould<be notedwthapithe seoerricwuents ofevari- 
ation for the prestressing steel properties are less than 
Pnose Srorsvhestreinforcine | steeliproperties. This is be- 
Gadse cine DIocUuctton, Of Drestressing Steel.1s amore con- 
Pimvous DrOCessmuna ule sDatChe process which ts) used for 
reintorcing steel (Bannister, 1968). 

It ismelaimed that istabllizedwstrand has improved 
Stress -Stlalnecnaractcristics comparedmtorsctress relieved 
Stand SUC sds aa heonel: MOdlius Of Clasticity (ocelco, 1976)), 
ae irener PuOOOT (mona bel IMitun ole l CO. Lorou  banni Sten. (LoO8 ) 7, 
as well as a higher ultimate strength and ultimate strain 
Pbannister, L905) a Due sto a Jack Of @uantmtative introrma- 
tion, however, the same modulus of elasticity, ultimate 
Stress sana, Ultimate strain were, useautor, DOth Stress, re- 
Pieved and Stapiiuiced strana. ithe data from Con-rorce 
indicated that there was little difference between these 
VilueSs OT, thes two wy pes Of Strand as @oescriped in Seéc- 


tiones.4, the proportional limit was incréa@esed trom 70 per- 
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cent of the ultimate stress for stress relieved strand to 
“woepercent ofthe ultimate stress for stabilized strand. 
Bannister (1968) states that 75 percent is a minimum value 
for stabilized wire. As mentioned earlier, the ratio of 
the eee aty iu percent, Strain tonthesultimate stress was 
onereasedsto.0..900 Tor -stabilizedistrand-from.sj0.89) for stress 
relieved strand. 

Since the Con-Force test data was. based.on the 
nominal areas of the strands, no correction was made to 


aecount, tor the’ variability. of the areas of the «strands. 


a4. VariabilityyotyPrestressing Losses 


4.4.1 Preliminary vinvestivation 


A preliminary investigation was carried out to 
determine if pyestressing losses had a Significant effect 
Ghethe Stress#in wncaprestressing steely at-ultimates, and 
hence on the ultimate moment. The stress-strain diagram 
used in this investigation was obtained from the mean values 
Ore tne staagsocroalednalysis ofthe: prestressing steel data 
(see, Sectmon: 4.5) 2a lhas mean, curve was) shitted in) the ne- 
PatGve CamectaOneDy athe Iiitidal DRestrail, Gea Gruen 5a 
SHOW, IniPicure 400. Ihe Meanings Of <5 and coe are ex- 
plained insscetionwori. The magnitude: of ic<6. + e¢e was 
Paleithateca Dywarotrrara ly assuming that Losses or 22 “per- 
GCene7or the anitial transter stress? occurred. |slhecaicu- 


Peon Of aa manatecs sieturtner deéscrabedain mection 5.2. 
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Mean Curve for Stress Relieved Strand 
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ae Vas P = 0.003 
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0.00632 (17.5% loss) 


Figure 4.1 Effect of f,, on Prestressing Steel Stress At Ultimate 
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The effect of variations in the losses was arbitrarily 
studied by multiplying the assumed loss of 22 percent by 
ec opald. 0.7) tO, vet 27.5" percent anu lo, percent TOsses, 
respectively. The’ ditterent’ amounts ote Poss resulted’ in 
Cete Gee wales OL Cea t+ en ee = iS ii Sil Cede cine 
Seless-sttrai CUIVe CO’ C1ther side Ob tne mean curve as 
shown graphically in Figure 4.1. 

PUSOmpDLOtCedrile tiis) fa cue ses the Wlocus -ome DOS 
Sibile solutions for the stress in the prestressing steel 
Retour C mtr me LOreVaryinGrVvallueswOuestecin ractO. Pp. 
The pange of 6, was obtained trom a Survey’ of the sections 


Pisteaaniorne Pole ves7van Handbook (19 Rb). . The equation 


for these curves is: 


Rei Oe Sous || 3 

i Se nn Ts 
eae Pp Svetife ze (Sia ( 
where: Bye bac con relatane the depthwonr the ecauivalent 


PeGLtaneular, Sthess DLOCKMGO tne Teutralvaxis 
depth (see Section 3.7). 
ent. Se LIM Ne Strained CONCTete 
= O.005 in ACT Burlacig Code. (107 ta) 


oo Seoten ened Che DTeStiessciieworeed. at oral lone: 


This equation can be derived from strain compatibility and 
equale bri umis(Narwarukivete alc 9 196 2)ebasedsonwa, rectangular 
Siressn blocky he gmtensections: giverstresses’ at failure. 


The difference between the high and low values of 
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steel stress due to the assumed variation in losses ranged 


rrom’ bh percent ‘for beams ‘with “a prestréessing*stéel’ ratio 


Pp Oe00S"to as muchas “6'"percent for "a’steel ratio 
Pp = Gr0lS=*because ‘the Latter value appeared *sionificant , 
prestressing losses were included as a’random variable and 


a probability model for the losses was estimated. 


Le Memon OL CaLCcilatronwom Losses 


Phesprestressingslosses were calculated for-a 
typical bnestressedsConcrete winstitute /(PCLiibeam .(8DE 20 
White St Gon eDaulern aQoabl )lweGRGly 197 Li wietho a onan or €5,0 
feet. The strands were assumed to be jacked from one end. 
The mean loss, maximum loss, and minimum loss calculations 
wene carried .out~for,the .four combinations -of type of \pre- 


Sthessingsoperations(pretenstoned.and post—tensioned),.and 


Bypeyofiprestressingessteel (stress,relieved and .stabilized). 


Anchorage loss, elastic shortening loss, and time 
dependent losses due to shrinkage, creep, and relaxation 
were all taken into account in these calculations. 

AnchomagewLossMis: thes LOSsMOtss Gres c lan the 
DRestuessingesteemiducslLOutLhevanchoOnagenon thespnrestressing 
steel. In post-tensioned members, the anchors at the end 
OLathe,Gendonsewi ll esiip slaehtly sand locally deform the 
end of the beam as they set, thus reducing the stress 
SLiohily sepilGnObage sLOSS ingpretensvoned members.1S caused 
by slippage in the strand-holding devices. 


Blasticeshontening vloss..occuns ,when.thespre- 
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stressing force is applied to the concrete. Under ‘this 
compressive force, the concrete Sere a bit andothe 
prestressingesteelishortens: the isame amount...sThus there 
Pee ToeGuctionyoRsstress  gnitherstée! i awihisylossoccurs in 
both post-tensioned and pretensioned construction. 

mas the concrete (loses waters. t shrinks,. result- 
tien) LOSSRotesenes sinin yeheusteel tie this Gloss «i's: calhed 
shrinkagesalosis: 

GEReecpeUOSS “OCCUYS, asathe concrete ncrecps.. GOneep 
Lssdetined das stherchange “in strain jwhich «takes place in 
Comere éeduemtoyarconstant stress Ayprestresisiedibeam is 
not subjected to a constant stress; the stress is always 
GChamginre sas athe@losses yorow snemagnia tudes. Partlhy¢forithis 
neason tan aineremental vapprogch was .usied in 'thevcalcula- 
Bron eo pO Ssics Ame res UNESsS im therconcnetesat lhe tcenter 
Piece cavitve Oletnenstecl sisutnenstress 1thab mis used an the 
Greepacalculations. 

RelaxatuLongonmuLnemnnes eressiuvmotecin alsoncauses 
a loss of stress in the steel. Relaxation is defined as the 
Change. ints tressmuhaestakes placexduce toca constant strain. 
Generally, relaxation increases as stress, time, and tem- 
perature increasees Oni ywmormal temperatures: (20 C) were 
considered wi ii gtiwirss Study a geihusiiert gwasmassumedathatws team 
Cunning OT anyeotiem process sthatwancreases the temperature 
Was Not used on the typical beam used for the loss calcu- 
lations. 


Due to the different sequence and method of pre- 
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Bie essangyethe Losses, for va post-tensioned beam are dif- 
ferent from those for a pretensioned beam. In a post- 
tensaoned beam, ducts are’ placed in position.and thenwthe 
ponereee as poured...) Ther concrete iswthen cured amtaliit is 
strong enough to withstand the jacking and anchoring of 
the,tendons . 

Shrinkage occurs in the concrete during this peri- 
od of time between pouring and anchoring which was assumed 
LO sue Touruecn adavceloncwainy theyll oss: cal culat 1ons "dina Ss 
shrinkage does not affect the steel stress, however, be- 
Pausecrithe monermetetand i the strands are, stili-unbonded:) When 
thea tendonspane jacked, there is a friction: loss due to the 
ack Or, strarehtnesss(wobbile) -of, the ducts. Since only 
CL rants mendonsmwe nerused jin thismstudvis the, curvatune: co- 


emit Lents wast omatted, from the. expression, tor: fractionsloss: 


Pe =pPveKl (a 
wheres) /Pe,= steel. force at jacking end 
Pie SiS Ccleet ONcCematwanye pointes 
Keb iwobbd camictaonicociiicient per footwotapne- 


stressinegisteel 
1s Seno thioimorestressing steel iclementiat rom 


jackins fendyito any pon tex: 


When the tendons are anchored, there is an anchorage loss 


due to the effect of wedge set. From a literature review, 
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the mean value of this movement was chesen to be 0.35 inch 
Wien as Maxum on 005 neh and a iminimumuor 02 inch...) The 
Stress ibetneuprestressing steeluattern the tendons) are 
di Gionecdeuls scalled the istress lat itnansten.. alhe selas tic 
shortening TOSS .OCCUrs at (transtern. | fordevelop bond 
between the tendons and the concrete, grout is injected 
into the ducts at this stage. The time dependent losses— 
shrinkage, creep, and relaxation—then take place. 

in aap Relensa Oned poean .ehne po orands, sare ie diet 
Seuesccomin atae pretensioning tbed. . (Relaxation lossesmstart 
from this point... An anchorage loss due to, slippage in the 
strand-holding devices occurs. The Prestressed Concrete 
LeStetutce gp Lot \esuegests a maximum Joss, of 1S percent due 
toms linpagce andutuheuettectof strand detlectioni devices. 
Sance Straight strands were wused in thus study. there would 
be no. loss duéitowdetlection devices. w A mean anchorage lass 
OF pDencent was chosen. with sa Maximumyois.4 5 percent and 
a minimum vor, 0. 5spercent... The concrete 1s then poured around 
the tendons. After steam curing or a few days of normal 
Cori ic. wehe Concrete wis sbondedssufiicienula ato, thewstnands 
and as Ssutticient, strenogth jto allow the vstrands, tobe gre- 
Teased oe SirinkacesOccurs ein sthe concrete during this eri 
od of time which was assumed to be three days long in the 
Poss ca culations as Unbake the post-Censioned  heam, oohis 
preliminany shrinkage .,does weduce .the steel ystress because 
the concrete is bonded to the steel right from the start. 


Huselastic shortening loss .occurs at transiew. ‘Lime de- 
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pendent lossess then takeiiplaces 

There is essentially no difference between a 
post-tensioned beam and a pretensioned beam as far as the 
calculation of the elastic shortening and time dependent 
bosses 1s “concerned. . A post-tensioned, beam-after anchoring 
and grouting behaves similarly to a pretensioned beam in 
Wircne Chersrranascauare Cute ingstactekhachatunien and 
Gurfinkel (1969) suggest that losses measured from transfer 
may be taken as 25,000 psi for both post-tensioned and 
pretensioned beams. 

The meanplossywas calculatedfirst. ‘The mean 
Drepertiesn On Goneretesandyprestressungms tee], described) in 
Sections 4. ieandg4 36,  espectively; were wased ian these cal- 
culations.» -Ltewasysassumed that the stress at transfer, 
Peano crae WaSmre OR DOLCent Of themspecerevedauiltimate ‘stress. 
fspecified: Any losses that occur before transfer were com- 
pensated for by overtensioning the tendons to an initial 
Jacking Stress that was )ereater than. the stress at transfer. 
Tieemeane Valucmoq iit bial sacking, stressualn the spresiress- 
ing steel was calculated by working backwards from the 
SLT Cocotte orans emmuUsIng., avturvaloand serromeapproacn. @in 
Chrs Cavctlatione ene Initiare jackingrestress awas estimated. 
Promethis Value, stne mean ftrictwon loss. (for post-tensioned 
beams), the mean shrinkage and relaxation losses during the 
petacdupriot. tOptransterm(tor pretensioned beams) >) and. the 
mean anchorage loss were subtracted to get the stress at 


transier. Thisitrial and error calculationmwas repeated 
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until ft+transfer was approximately 70 percent of fspeciftied. 
Starting from f+ransfer and using common elastic 
pneoryeyche?elastichshorteningsioss wasthenvcalculated 


(PCT sha 9@de2 


Mi,e 
Beet Poe Wh oe gumiea dl 
Ee (As i Raa aa (4.14) 
Woeteornlecbaeloss onrprestress i duesto elasticeshortening 
Pece-weenecrctery stress tat ithepecentroad, ofpthee strand 


Pome Vresclessetorcega ty cransier 


ACs pate alors concrete 
GF -Secescitricitvym@at, point poreconsuderation 
Iy = gross moment of inertia of section 
My; = moment due to dead load of the member 


iiewelastic shontemine Oss fOr pretensaoned beams can ibe 
Gaculated Girectly snoms this .equabilons ier Or, postc-tensioned 
beams, the Clastic shortening toss caiculaued in this manner 
Mistepenadgusteduro,take Into -acCCOUntmunec -ciecCes OL Stressing 
tendons one at a time. As each tendon is stressed, the con- 
Crete shortens a bit more; resulting. .a1n more elastic 
Shorcening Joss in the steel. The farst tendon Chat SLs 
stressed would have the highest elastic shortening loss 
Since the stressing of each subsequent tendon contributes 
toents §—10Ss. O01 sprestress.«, On the other hana. the last. ten- 


Goneenat 25 Stressed would have no loss due’ to elastic 
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shortening because the shortening in the concrete and steel 
would have already occurred by the time the prestress was 
being measured in the last tendon. An average loss for 
all the tendons is generally used for post-tensioned beams. 
The mean time dependent losses were calculated 
next. Creep and shrinkage losses were determined using the 
Comité Européen du Béton prediction equations and curves 
C(Néevirites To70)}2* These curves *give coefficients “which ’allow 
One=coecarculate, the Sth and -9Sth percentiles "as well’ as 
the mean values of shrinkage and creep. A water cement 
Tatro O00 > was assumed for all “calculations. "The creep 
ancdmsnrimnkage tea leuLati1ons require, thesuse of an tequivalent 
thickness, “da. "defined as the *ratio "of ‘cross Sectional 
emeamrro sSemi-saperemercer. ror@l=sectionswiene requivalene 
Prrckwess Was pacea On themammensilons. Of (the stems because 
tPhacersewhere sthemprestressineg =steel*is vlocated? "tA *nela- 
tive humidity of 40 percent was assumed for the calcula- 
eropvormeanr losses... WAs*texplained "earhier, tChevage tat 
transfer, which was taken to be the age at loading for 
the ereep calculations, was “taken as fourteen’ days *for 
post-tensioned beams and three days for pretensioned beams. 
The relaxation loss was determined using the 
ecapiisrror  tiemvanvosct losses wor stressmrelrevedsstrand 
andes tabil4 zed=strand piven *by “Stercow(lO7O) se" Ihe maximum 
and minimum values from these bands, as well as the mean 
value calculated from these values, were used because the 


customary relaxation formulae tend to overestimate the mean 
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relaxation losses for strand PS Ge UCOueLO HOW. 

Before maximum or minimum losses could be cal- 
culated, the maximum and minimum jacking forces had to be 
determined... Using data obtained from stressing records, for 
Ehegnamonton plant of GCon-=ForcesRroducts Ltd. ,.austatiusti- 
CoileanahyciS Of ethe ratio ofthe vactuali-yacking wressure.to 
the speciiiedsijacking pressure was scarnied.out .* —Aumean of 
Pa s0Wanduaycoetmicient »ofyvaniationywot~0.0132 were: ob- 
tained. The maximum and minimum jacking forces were 
calculated by adding and subtracting three standard devi- 
ations from the mean jacking force calculated earlier by 
ti taleandsernor. 

A value that is three standard deviations from 
the mean corresponds to a chance of occurrence of about 
Thingy l00Gs Because the jacking, force issindependentsof 
Lbeawoml abit CyPOnabne COnNcuete yand ssueelepropert ies, 
the chance of getting the maximum or minimum jacking force 


tseddoutel In plL0d0 we eOnsthe ‘other vhand sehesymagnitude.of 


thesrosses «<dependvon«both;sthe «concrete and steel. properties. 


The maximum and minimum values for these properties were 
taken as the mean plus or minus 1.645 standard deviations 
COmpespondinguso Ghe Stheand 95th percentileuvalues... ox 
SachanGeeOt OCcCurGence Of- bidne2) seulhewchancesoatacetbing 
Manian poneminimum) concrete and steel properties at the 
Same time Ps.abouteuls20 ox ¢1l/ 20 aob/4004 Urhissisethe «same 
order of magnitude as the chance of getting the maximum 


Or minimum jacking force. The values of the variables 
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feed for the loss calculations are summarized in Table 4.4. 

The maximum loss was calculated by using low 
Vealttes Om the moduija of elasticity of concrete and steel. 
Minimum slip and friction losses were subtracted from the 
Naximume jacking force aniorder tovebtain a high stress at 
transfer and, as a result, the maximum time dependent los- 
Bes. aNlcan Valuescwere used "tor all, creep and shrinkage 
SOCcELiczents except that the 95th percentile values 
Were taken for the effects of water cement ratios and rela- 
tive humidity. A relative humidity of 40 percent was used 
fortmaximume@loss: calculations.’ The upper limit .on relaxa- 
tion losses was taken from the Stelco (1976) literature. 

ne wnaener screens th properties sot pconerere and 
steel (i.e. mean plus 1.645 standard deviations) were used 
Perk emcalcUlatimismnOs Minimum LOSS «ues tbaieine Vata bhne 
minimum jacking LOUecen nucCher Sa ip andetricrons LoSses 
oncom oUumeracleCGminsOrcer stOeMInimize came. dependence. LOS - 
SeoearMedl=Valuesewere used for sall créeepyand ishrinkage 
POct I PCIleENntsS excep umtnat. tie sotn opercen tile values: were 
ised rom the terms reflecting the effects of “water cement 
Patio and relatimeshumiaity. Aurelative humaditysor 90 
percent was used for minimum loss calculations. The relaxa- 
tion losses were based on the minimum losses suggested by 
Stelco (1976). 

The Strength gain of Concrete with time was 


taken into account for pretensioned beams: 
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Table 4.4 


Vehweswot Variables Used iniLoss (Calculations 


VARIABLE 


JACKING FORCE 
SEEM BAROPERTY Esp 


CONCRETE PROPERTY 
Ecc 

(f'c = 4000 psi) 

(post-tensioned) 

(f'c = 4500 psi) 


(Geren ce 016/0)aleici 


FRICTION LOSS 
k (post-tensioned) 


ANCHORAGE LOSS 
SLIP 
(post-tensioned) 
(pretensioned) 


GREER =bOSS 


SHRINKAGE LOSS 
y 


seis 
Br 


RELAXATION LOSS 


| 


MEAN MAX |MUM MINIMUM 
LOSSES EC esies BOSSES 
31.47 k 52 ei hk BO. Zoek 


PerO2 110° (peileie esa xn esi 129.40 x 110° pst 


Se Sea Det Ie OSoEx MO apa Ana a lmxa 10 mS) 


Busco xO NpST oni Zo em 0s | 464510 ps, 


Ano An Oc mnS inser oe Oost | 40.5 10> sos) 


0.00125 0.0005 0.002 
0.35" 0.2" 0.5" 
et, 5% A.5% 
0.75 O75 0.75 
0.85 0.85 0.85 
pay 3.8 bes 
1 


.2 for post-tensioned, 1.6 for pretensioned 
varies with time-used mean value line 


LOCO ae 55O.x ton: {5ex 107° 
0.76 0.76 0.76 
jee, hae! 0.95 


used Stelco Graphs (1976) 
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aes days after pour 
4000 3 
4500 10 
5000 ay 


ihercorresponding gain anymodulusy of elasticity can, be seen 
in Table 4.4. Because post-tensioned beams were assumed 

to be cured for fourteen days before they were stressed, 

a constant strength and modulus of elasticity for concrete 
was used. 

If steam curing was used, the strength gain of 
Conc retemwouldwbe accelerated so that the concrete would 
reachvavhieher traction wt final, streneth atian earlier 
period of time. This would tend to decrease the creep 
boss. ~Nevilte (197.0) Ssuccests psthat sal trctitious. age based 
Sete Maturity VOrechie CONncTete DeeUsSediain che calculation 
OreCEeCol, HOSS. ocecall  CUulLingn WOULd Lal SOmlansecuthe hel auive 
huUMmvaueysometicmsvorarer wiien decreasecsmtncmcreep and 
Stina temlosses.  EMOlst Curing. WOUldmragsemthe relative 
humidity so that creep and shrinkage losses would both 
decrease but would not accelerate the strength gain. 

The losses were calculated using the numerical 
imteoration procedure presented iby Libby (£971). The los- 
ses were calculated for a period of five years because 
most of the losses have occurred by this time and because 
the beam may be overloaded at any time in its.life so that 
aLorty-vyear Loss would. tend to overestimate losses at the 
Pyreothetical overloading... The results, of the doss: calcu- 


Wettons are given in Tables 4.5, 4.0, 4.7 apt. 8. An 
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Summary of Losses* 
Post-Tensioned Beam with Stress Relieved Strand 


Gries 
OSS) 


EL. SHORTENING 
SHRINKAGE 
CREEP 
RELAXAT | ON 


SUBTOTAL 26.90 18.91 PE 
FRICTION 1.42 5.08 Spey ep ae 
ANCHORAGE SME Se) 5.49 e916) 
FRICTION + 

AeLALOGoco 31.64 21.43 27.74 he Pee 
¥AIl| losses in percentage of nominal stress at transfer 
which is equal to 0./7f 
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Table 4.6 


summary of Losses* 
Post-Tensioned Beam with Stabilized Strand 


TYPE OF | MIN + MAX 
fee MAX. MIN, MEAN : 


EL. SHORTENING EAVES) 
SHRINKAGE Aso 
CREEP 83 ope) Osu 


RELAXATION 


-40 1.20 
SUBTOTAL Danresys, 
FRICTION 1.42 3.06 3.34 a.22 
ANCHORAGE 2.20 
= : 


¥Al| losses in percentage of nominal stress at transfer 
which is equal to 0./fspecified: 
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Tabihe 24.47 


Summary of Losses* 
Pretensioned Beam with Stress Relieved Strand 


TARE OF 


EL, SHORTEN ING 


MIN + MAX 
2 


SHRINKAGE 0 
CREEP Ted 
RELAXAT | ON 5 


SUBTOTAL 


RELAXATION + 
SHRINKAGE 


ANCHORAGE 


RELAX. + SHR. 
+ ANCHORAGE 


ALi LOSSES 


*AIl| losses in percentage of nominal stress at transfer 
which is equal to 0.7fspeci tied: 
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Summary of Losses* 


Pretensioned Beam with Stabilized Strand 


TPR e ae) a 
(yreke 1.06 Toe 


MIN + MAX 


EL. SHORTENING 1.44 
SHRINKAGE SSH Je: 
CREEP T2700 
RELAXATION leo 
SUBTOTAL 1S..6 
RELAXATION + Aen 
SHR I NKAGE 
ANCHORAGE Zoe 
RELAX. oH. 

+ ANCHORAGE ‘res 
Aue LOSSES Zoos 10:02 (ot) TIES 
¥Al| losses in percentage of nominal stress at transfer 


which is equal to 0.7fspeci fied: 
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exampie calculation is given inyAppendix’ B- 

Because the wloss computaerons were, deterministic 
calculations, each based on a particular low or high value 
Of each, of the variables, the probability” of the occurrence 
Of the particular high or low losses computed is consider- 
ably less than the 1 in 20 assumed for some of the vari- 
ables. The combinations chosen are felt to result in 
reatlistic upper: and lower bounds for prestressing losses. 
For the purposes of computing the coefficient of variation 
of the losses, the high and low values were arbitrarily 
assumed to be plus and minus three standard deviations from 
the mean. 


i. o 54 oulmar woot Lossesmand) Comparzson with Other 
Sources 


A summary of the stress at transfer and mean 
Pos Sos POCCUIFINGrmatter trdnster is given 1m Tables 74 30 
and@ 11). PhOYr themontesCarlo study. sthemmean stress 
Ateevancley Wasmouakem as 10 percent “Ob the tspecitaed ul 
timate “stress for all combinations of type ‘of prestressing 
Gperation (pretensioned and post-tensionéed "and typewor 
StCrancuat stress relieved and Stabilized). a lhe cocthicirens 
Srevariation Of ithe Stress at transten= var ied~ontyrac 
Gorging: to; the ype ot prestressing Operation, faving 
waives of 1.5mpercent, and Z.0 percent fier Bre cenedoned and 
post-tensioned beams, respectively. The mean losses and 


the coefficients of variation of losses were found to be 
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Similar for pretensioned and post-tensioned beams when 
expresséd as losses measured from transfer? ‘This result 
supports Khachaturian's statement (1969) that there is no 
difference between losses measured from transfer for a 
pretensioned beam and a post-tensioned beam. There was 
a distinct difference between the losses for stress relieved 
strand and stabilized strand, however. Thus, the mean loss 
for stress relieved strand was taken as 19 percent of the 
méean@stress@at transfer with a’ coefficient of variation of 
i64percent. -The’mean* loss. for stabilrzed**strand®*was taken 
asw ta’ spercent-ofythe mean stress-at'ttransfer owithsarcoct - 
PIeELeneeof -varration of "20 percent?) “it 'should@be=noted™that 
all losses in these tables are in terms of percent of mean 
Stress at transfer—not initial jacking stress. 
Based on a somewhat different method of analysis, 
Glodowski ‘and Lorenzetti’ (1972) predicted total-prestreéess 
Pessestin 40¥ years of +21. 90 *percent*and 1S eperceent? res= 
pectively ;sforistress/relreved *and 'stabrlizedvstrand. #Pirf 
PES ist assumed * that? 90 percent of this “would occur*in the 
first five*years, the corresponding five-year losses 
would be’L9.7@and™16.2 percent which’ are*close°to"™the®values 
of 19 and 14 percent in the last column of Table 4.10. 
TheTACI=ASGE"Joint ’ GConmittee 3235: (£958) "*recom- 
mended using losses of 35,000 psi for pretensioned beams 
ana®Z5;000%ps? for*post-tensioned beams: "Théese*lesses*do not 
include losses due to friction but they are measured from 


the time of tensioning—not from when the stress is trans- 
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ferred Lorthe beam. (Thus, the 35,000 psi for, pretensioned 
beams includes relaxation and shrinkage losses that occur 
between the time of stressing and the time that the stress 
is transferred. This committee also states that the magni- 
pude onthe loss does not, Sionitieantiy vartect the ultimate 
moment. 

Lin (1955) gives prestressing losses for both 
pretensioned and post-tensioned beams with stress relieved 
Sccaics ) bnese liossess are. tabulated Mn fable 4.415) bimes 
Petaxsevon losses: are quite a bait, lower “than thevrelaxation 
Tosses ‘Calculated anttnis study because Lin has iassuned 
that the strands have been overtensioned to reduce relaxa- 
Pons tosses, J bine (LUoS | States, that #2 lo creengmay 
Sosa Ue OCC ein galt (it ot Se OVErTLENsStOneaaDy. oPUOwLO., 
aucdiuolmnenere tom 2) to .4yminutes 4" INO overtensioningphas 
bee assumed for ithe calculations in (this study. |1f the 
absence of overstressing was assumed to double the relaxa- 
LT OTwehOSS. CSyeLanSetlnalwlosses-wouldebés sls apercentackOr 
post-tensioned beams and 20 percent for pretensioned beams. 
This compares favorably with the loss calculations in this 
Ped vewhwicn indicatewa boss of LO percéntustonybothap re 
tensioned and post-tensioned beams. 

Overtensioning to reduce relaxation losses was 
not considered in this study because the effectiveness of 
eles procedure is open to some doubt.. Thevetfeet of over- 
tensioning was investigated by Magura, Sozen and Siess 


(662). After performing some tests of the@mpown as well 


. 


bavotames aan so). taq, OF bit + . 
55 veda ep2zent rere eam ut 
geevze et sof? onity eds Soe gaeeees Ne 
sya end Jags eater? vata Mapa 
stil atu dh toeete ieee aa 


, } a. ag 
‘iod, yor geese! gard eo Pang rowdy (280r), vat 
ac 
vatiey eeerss Slim caeed Leno Paans=2epl ban bonel 
ae 


ray 
1% aldaT 2. bet ehitayean aoeeo! peated obress 


, J 
aed 
i 
py hes = 
1 


(ita a4. aft hand geen) 7143 they eae soaezo!: node mn es 

(hd sensped- Vinee etn ah Sereteietaey 
~ 7 hd of quiets ny Oo ytd ew st abagate <a 
Vet. 0048 8) ec oat 28h8 Seaase (gee!) abl iespoaiee 


-vwd barotenes tev0-8f° HE Th F198: ri 2p od 


wit 3 
im 84 - net iettn LoOd. + TO? oted? bed pe 
+} iagte vids wh semi zespuvivo os Ot bomen, nasi 
‘ , . 
oT y eda, sidueb of beiege ce B5Letartvesere ie 32098 iB. 
7 —— - ' 7 
a Ad 
: 400467 41. sc, Oli Bagees eas? . ‘ib iy eezeok m 7] 
spend Seqaguissony, TAs ieveigy, Ch Geox suiied baal oe 


pty ab zeigasaiguts ass UP AGiw Nie 6 ONED ae 
‘Sig Aged, 16% er ere 0) ao een! « oyaol bag: Hobie 4 
oh 

, | -oned) Sago tens!-aneg bre 


» 


naw <sceot nel teanted eoanet, 02 gol antensdzeyO)% 5 
20. @2 eco vlJore ho, aia, dimen hges, 2 bite, nr. botabbeno - 
avo Ja teolte ett .2gnohidgee/ en geno, ah azahe 


azokt lind, neret ow) 
lew: em een, They 
| 4 ae 


¢ a is 7 _ a 
il ae ee 


Tablem) £1 


COMPARISON OF LOSS CALCULATIONS 
WE a biNeS SUOSSES 


POST-TENS | ONED PRETENS | ONED 
Tre OF LOSS CALCULATIONS LIN CALCULATIONS LIN 
EL SHORTENING 1.24% 1% 


SHR | NKAGE B.42 6 
CREEP 5.88 3) 
RELAXATION 8.36 5 


AOTAL feo 19.04 18 
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a> looking at other investigators’ results (Kajfasz, 
TOSS. Dumas Los sje tiey "conctudede that prestretching 1s 
Opriret le sconsequenceni i the prestretcning meri10d 71s 
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475 Dimensional Variability 


Probability models for dimensional properties 
proposed by Mirza and MacGregor (1978b) were used in this 
Study sandeare tabulated an Table 4.12. (The values for 
flange thickness were obtained from the recommended dis- 
Cripution sproperties of slab dimensions. In this table, a 
pilus Sign means that ‘the mean value is» greater than the 
nominal specified value whereas a negative sign means that 
the mean value is less| than the nominal value. 

The dimensional properties for precast members 
were used for all pretensioned beams because pretensioned 
beams are usually precast. JIn-sttu dimensional properties 
were used for all post-tensioned beams. All dimensional 
properties were assumed to be normally distributed. 

Unfortunately; no data tor theseftrective depth 
to the prestressing steel was available. Although dif- 
rerent factars may bewinvolvedwin thesplacement of rein- 
forcing steel atiein the placemene CL presteessing steel, 
the same mean deviation was used for both types of steel, 
a5 SHOWN onulable 4.12.— The meangdeviationsot athe ettec- 
tive depth to the prestressing steel for precast beams is 


positive whereas that for tn-sttu beams is negative. The 
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reason for this Change in sign is that the mean deviaions 

of the overall depth reported by Mirza and MacGregor (1978b) 
change in sign and the effective depth is closely related 
togthe overall depth. 

For example, in a pretensioned (precast) beam, the 
prestressingsstéeel.iststressed in adprestressingabed.,.The 
position of the steel is determined by the position of the 
Platesaatathe endspof.this,bed:));Thesetplatesszare fixed 
relative to the bottom of the bed when the concrete is 
poured. When the mean deviation of overallydepthyis 1/8win. 
greater than the nominal depth,, this extra’depth'is due 
GOpmoregconcretecatethetopy,of, the formawsAsia result Jsathe 
mean effective’ depth to the prestressing steel will tend 
tobe greater than. the nominal.effective.depth by about the 
Same amount. 

In a post-tensioned (in-situ) beam, the ducts 
arenp laced “inepositions~inetheyformeandwane secured yby 
byaneethemto “the neimforcingsstecleorgtopbolstersuwith 
Wareetics >! OF bygusingwchainsporyother supports ty, t 
Prewductes, arey bled bo the Telnrorcing esteel. the ducts, will 
bend to tloat when the concrete is placed due to buoyancy 
effects. This effect, which reduces the effective depth, 
is more in evidence when the tubing is placed first with- 
Olt the tendons imside. lf chairs are wsed, a mean devi- 
ation of eftective depth, of prestressing steel similar to 
thatot reintoreingsstec! could be expected since: chairs 


adfewalso used in, securing reinforcing steeiin position. 
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Bo ietens are horizontal bars that are usually attached to 
the form. Thus, in most of the securing methods, the posi- 
tion of the prestressing steel will be fixed relative to the 
bottom of the form when the concrete is poured. When 
the mean deviation of the overall depth is less than the 
nominal depth, this difference is due to’ not enough con- 
crete at the top.of the beam. As a result, the mean ef- 
Tect ive deptierco ther prestressing. istee? should. be less 
than the nominal effective depth by about the same amount. 
iiemorandande GEViadt Lonmin: sone@aeD cn tO tie = nein- 
Pomcime secel was telt to, be too Larges ta pe dpplied, dir- 
Cot cOe CT ic mores CheSsing Stcel.,  “hOtmexampLen ule iscels 
Crwercnelyeunl tkhelyecnat sa Cast-in=place. post-tensroned 
beam would have a maximum variation (+3 standard deviations) 
Wiretrective cepen Or +1. 57a1nches,” For” this reason, 
BNaeveCCAUSe plesSteleosing steel Vis placed and held im posi- 
tion more carefully than reinforcing steel, the standard 
deviation for the depth to the prestressing steel was taken 


CoOmpDemalr Otetne ounesponaing ValucemforereinuLorcing, Steel. 
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CHAPTER TY 


COMPUTER PROGRAM FOR ANALYSIS 


See Ueser puLOonpot the Monte Carlomrecnniaque 


The Monte Carlo technique is a method of random 
Sativa loeb s. Study. erandom numpersmrrom Os00 nto 
0.999 are generated and the corresponding values from 
G€umulative frequency functions, for each of the variables 
are used to define strengths and dimensions to be used in 
a,calculation of theystrength of a, prestressed concrete 
beam. A different random number is used to define each 
Vatiaples gihiserandomonumber generatiom sand, strength 
Gaiculation. 3Sereneated aysufficient number of times. to 
obtain a stable distribution of ultimate strengths for pre- 
stressed concrete beams. The Monte Carlo technique has 


also been described in Chapters Jand II. 


Bye) Description of sthe Computer. Program 


The computer program developed for this study 
calculates the theoretical ultimate flexural strength of 
prestressed concrete beams by developing the moment- 
curvature diagram and picking the maximum point on this 


diagram. The Monte Carlo technique is used to obtain a 
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Sreyceeckc ah of the ratio of the theoretical strength from 
this program’ to the strength predicted bythe ACI "Goede 
(1971a) assumptions. The statistical properties of this 
populetion*dare’ then calculated: 

The program consists of a MAIN program and eight 
SUBrOULTINES=—PROPS PACT, THEORY? MOM, AXTALS FSTEELS “RANDOM, 
and STAT. A brief flow diagram outlining the general 
features of the program is given in Appendix C. 

The MAIN program contains the Monte Carlo tech- 
Mucveancepurtsealia the SUbTOUTaNesS, together.) Birst,...t 
reads quantities needed for the Monte Carlo simulation. 

The PROP subroutine is then called, which reads and writes 
tie nominal properties of the beam. oThe distribution pro- 
benties.ot the vardables, that are used in. the ‘calculation 
of the theoretical ultimate moments are then read in and 
outputted in the MAIN program. 

Ties AGle sup DOltinem ls .USed: slOmcalculate therAGl] 
Burergtnieog Wicmpealsacsgaescribed IMacectLonins.. lhe 
nominal values of the variables are used in this calcula- 
tion toydivesthcwstrength: thatuwouldsbe.computed by athe de- 
Signer. 

Each variable is then set equal to its mean value 
ine the MAIN programs) These values are used in the sub- 
reutine [HEORY to -caleulate the mean theoretical ;ultimate 
flexural strength. 

The THEORY subroutine first calculates section 


properties such as the centroid, gross and net areas, and 
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gross and Net Moments oLwinertiavwin) order vto calculate the 
Preseress( Strains described in sectionio.i. The calcula- 
Cron Oteene net «moment: of inertia, used calculating the 
prestress in post-tensioned beams, involves subtracting 
the moment of inertia of the holes in the concrete due to 
Ciemonesrresscine ducts trom. the moment or, inertia of the 


Weorc Scculon. san elastic Plextral analysis 1S used. to 


Ca CUA heme nemo case sid Ct he LOpmanampOmLOMrvOr, tile  SeCriOn 


aque. Lo the: preseressing force: 


P Pey+ 
1 = = (ns) 
eA Anet Inet 
P Peyp 
elevelies = aaa Upc) 
Anet Inet 
Where.) P = sprestressing Lorce 
= fce x Asp 
Aner a ulevedhedror concrete 
So Free Cenum City, 
Vis OUotalcomnnoOMnacen tLOld tOmuOD Ton SCGL LO 
Vy = distancemtrom centroid to bottom, of “section 


net moment of inertia 


Inet 


itushould *besnoted that although the nét \areacand ‘moment 
of inertia were used here, the transformed section was not. 
Timsoas? becausiestnetconcrete. "is not Ybondedisto "the steel 
aesthe itime “of post-tensionine. » Dividing the stresses in 


Equaewons 25 sland S2uby the modulus: opielasticity for 
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Goucmeue: JIVves. the strain. at the top and bottom of the 
Pec LOM respec“ ive ly Once thensuraimedistribucton 1s 
known, Similar triangles are used to calculate the strain 
iMpticweonerete duel to the prestressine, force, e... | oince 
Bees such avsmailunumber. it does, notoartect. they strain 
in the prestressing steel or the ultimate moment very 
much (Warwaruk, Sozen and Siess, 1962). Therefore, the 
elastic analysis used should be accurate enough even though 
Powis anOtran exact analysis. 

Thewettective stress in the prestressing steel, 
Seals calculatedmby dividing the eftective:prestress (by 


EPicemodulis Ouse lastLtCityyoODpetherprestress ire steel: 


Ese = £ ee ao) 


Patserelacionship is) exactly: true ain thirs"study,, ‘since’ ‘the 
effective Stress was tound to be always) in the intial 
Piped DOrULoOn Omsuhnemsthess strain, Curve OY jDrestnres sang 
Steet. 

The nest of the THEORY “subroutine develops ‘the 
MOmMent-CcUrVature diagram using the method described in 
SeCe1on 6.5. As lbOoweddagram of this subroutine may be 
round an Appendix Ce.) tne THEORY subroutineruses, three 
other subroutines—AXIAL, FSTEEL, and MOM. The AXIAL sub- 
routine calculates the component forces and finally the 
Vecuerant —Orce sO) ae rven: StrainrGretriapuLron as, de- 
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and the strain atthe stop orev thevsiectionytien,) this? stub- 
routine calculates the compressive and tensile forces in 
conereve “eT he: AXTAL subroutine makes’ usewvot, the? PSTEEL 
subroutine to calculate the force in the steel. 

Subroutine MOM utilizes the Newton-Raphson pro- 
cedurerors the trial and? error) procedurepto close Anion ‘the 
balanced’ condition which is ‘the, distribution: of strain that 
bivesy a COLalvaxialeforce resultant lose to: zero. @ihese 
procedures have been ‘described in detail in Section 
3.6. Once this balanced condition is reached, the MOM sub- 
BOUCINe SuUuS tue MmOments ducmcowthe forces to, o1ve, the 
(eqezil ae ukee. chore ikiadey Toyah alhtomnctorenem heey: 

As soon as the maximum moment is obtained from 
bees MOmMent-CUrvature wd Lapram, ithe prognamireturns: to. the 
MAIN program. [he ratiovofimean theoretacali strength to 
A@lsestrength)ascalculated and ‘outputted. 

Te program then starts. the Monte Carlo simuda- 
Prous (Given tiesmMeang standard seve tio, and. distr? Die 
Pion properties tor each variable the RANDOM ‘subroutine 
gencratessa random value foreach variable.) The THEORY 
subroutine uses these random numbers to calculate the 
theoretical ultimate strength of the beam as described 
above.) The Yatio Of wheoretical ultimate strength to ACI 
Strength ts eobtained. sthevprocess of generating values, 
Catcilatineg the theovetical strength wand: obtaiming the 
above ratio is repeated for the number of simulations that 


is desired. 
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This simulated population of ratios is then ana- 
lyzed statistically by STAT which finds the mean value, 
Standard deviation, coefficient of variation, coefficient 
of skewness, coefficient of kurtosis, minimum and maximum 
values )>»ands the "medians ‘'Atso calculated are the first and 
fifth percentiles, the second, third, and fourth moments of 
the distribution about the mean, and a cumulative frequen- 


cystablie. forthe population” senerated by this program. 


Say |. Companason of siheory Wathslest Resukts 


In, developing the computer program for this study, 
the THEORY, AXIAL, FSTEEL, and MOM subroutines were de- 
Weloped {1rSt.) Asi describedin, the) prevreus sections 
these subroutiness find jthestheoretical ultimate moment 
iisigo ia thearetica hwnodel:. spdhe accuracyweotmeehe theoretical 
model was determined by comparing actual test beam results 
with results from the THEORY ‘program. To*make*this com- 
parison, they ratio -of test*strength to theoretical strength 
wassrcalcubated) for 45 beams adhe resultseare summarazed 
insstable Sade |The sabest strengths of these beams were -ob- 
tained from other studies. 

Most of the test beam results were taken from 
amsitudy Onmsthe: flexural strength of prestressed concrete 
beams (Wanwaruk, Sozen, andySiess,' 1962)... These beams, 
WiichailaBkselD uO woes Gable, S.L, were! all rectangular’, 


and were nominally '6%x12",in size. Most ofthe: beams ‘used 
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Table nse. 


COMPARISON OF MEASURED AND COMPUTED ULTIMATE MOMENTS 


TEST THEORY TEST 


Warwaruk, Sozen, and Siess (1962) 


OB1 53:50 0,070 111000 IT ed Pads 0.943 
OB2 6330 0.146 408000 455,922.4 0.940 
OB3 3910 O.224 415000 BOs OOd.o i O93 
OB4 5550 O.305 501000 535,000.09 0.936 
OB5 3750 D552 394000 564 ,353.4 1.081 
OB6 By 310) 0.414 444000 DOM Le 12145 
OB7 2890 0.140 156000 148,166.1 1/053 
OB8 3450 Gu550 387000 isle rae ees! 1, Oe 
OB9 4280 0.290 434000 409,926.5 1059 
OB10 2500 0.290 270000 230,934.4 1.169 
OB11 3760 0.064 136000 WS 5o65.4 1.080 
OB12 5420 0.086 258000 241,297.9 1.069 
QB13 8320 0.091 372000 SHEL Asia 6) 0.997 
OB14 6560 Oper 302000 B14, 52669 0.961 
OB15 7180 0.166 559000 COS E16 162 0.926 
OB16 3820 0.164 281000 500701 21 0,955 
OB17 7650 O2166 592000 56S),00 105 1.006 
0B18 5490 Oo l2 443000 415360721 1.066 
OB19 5650 Oe 482000 476,990.5 AprOyi| 
OB20 8200 0.244 707000 VAG 256.1 0.98 

OB21 3440 Or252 389000 381,496.6 1.020 
OB22 6120 Ono 577000 566,948.3 Lore 
OB23 5910 Ooi 646000 SLOr22 Wi teQog 
OB24 3270 0.368 432000 367,442.7 Uke 
OB25 4590 Q.374 588000 57 Wj 60652 1.029 
OB26 2950 0.414 424000 S126 807.5 ie ke 

OB27 3280 0.462 572000 438,981.3 ioe e 
OB29 DOU 02075 122000 HT Siaols es 1.040 
OB30 57410 02160 426000 435,584.2 0.974 
OB31 4580 0.200 408000 408,745.8 0.998 
OB32 6220 0.280 635000 Goo ial. 1.002 
0B33 4100 O50 462000 AA os 569 1.044 
RB1 5280 0.080 198000 201, 307.4 0.984 
RB2 3970 0.217 362000 386, /917..5 0.936 
RB3 5220) 0.279 569000 COOL Lie? 0.94 

Brecht, Hanson and Hulsbos (1965) 

G2 6673 0.180 12,945,600 13,119,480 0.98 

G4 fer 0.161 13,155,600 13,3553;089 0.985 
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Sozen, Zwoyer, and Siess (1959) 


Bl 8260 0.054 341,000 Sia oO L062 
B2 8400 0.054 334,000 520082926 1.041 
B3 8560 Geo is) 334,000 52,0994 POO 
Al oe i pee (8 547,000 506,999.6 12079 
A2 5550 0.1565 494,000 454,400.1 1067 
A3 3669 DeGu wales 321,000 Ei aaa Oba | 1027 
Siess 

BW 1 OR ihe) 297,000 ZA 28935 W085 
CWwl Se eae 526,624,4 SVAO Myo hae 
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from that study were post-tensioned and had the OB marking. 
The RB beams were pretensioned. All of these beams used 
bonded prestressing wire. Beam OB28 was omitted from the 
study because this test beam had a very low concrete strength 
and was not representative of the range of values of con- 
Efetc srlenvcivinat OCCHY in Teality. ‘Ines uLtimate tes t 
Strength reported: by Warwaruk et @al.° (1962) was the moment 
at wWiich Visible ‘crushing of the’ concrete in”*the extreme 
fiber occurred. The maximum moment carried by the beam is 
Pouce ht tlcountoncla tian Ulat "GcOLLesDOndine, tO Waist Le 
eo kN elm ey ey 

BeamsaG2Z anc, G4 are, tull—sazed.s 56°" deep pre= 
tensioned I-beams taken from Brecht, Hanson and Hulsbos 
(1965). Thése beams were analyzed as T-beams since the 
Hower tlanve was Cracked ac Ultimace. “Here again, the 
theoretical ultimate moments agreed very well with the 
measured test moments, as indicated by the ratios of test 
Pomealculated stren@cn Or Un9o7 and Uvgoo. 1) wer ess rel Leved 
270 ksi 7/16-inch diameter strand was used in these beams. 

Beams with a mark A or B were taken from a study 
OL shear Strenetn, Of Deals Witnout web rTeintorcement: (Sozen, 
Ewover@and Sitess, 1959). These parttctlar beams tailed “in 
flexure. The beams with mark B were I-beams but were 
npuc into the progyameas: 1 -beams. ihe beams with mark A 
were rectangular beams. All beams were O"xT2" overall. 
The reported measured moment was the maximum moment, not 


the moment corresponding to first visible crushing. 
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Beams with the mark BW1 and CW1l came from another 
study of shear strength (Olesen, Sozen, and Siess, 1965). 
Again, these beams failed in flexure. The beams were 
I-beams with overall dimensions of 6x12" and they were 
treated as T-beams in this study. The reported measured 
moment was the maximum moment attained in the test. 

in thercomparrsonsof "theory with: test mesults, it 
was assumed that the cylinder strength was equal to the 
in-sttu strength since most of the test) beams were rela- 
tively «small sand sthe ‘curing: of the beams and ‘test-cyhinders 
Was ssimulanr2) herefore jisEquation 4) iiwasitnot wséed iin ithis 
comparison. 

Bhemeitec t tow tthe grat etofiboading: ongtheeconcrete 
properties) was explainednin Section 4aly, Themhiohenijene 
Gaucion lioadingeithe: highemtithe concrete strength and the 
theoretical strengen tot sthe theam i yylhus), tebectess time that 
was chosen could have an effect on the comparison of theory 
Wiothmitest wiesults iv Generally; ithemtotal tume trequined tte 
complete a test on a beam, including time taken for meas- 
urements, photographs, et cetera, was reported as 4 to 8 
hours ss What twas trequiredy however; was *theiactualbcrate of 
Koaddinotof ‘the test ™beameilhis: was. takenttas tashouwnin the 
comparisonse@brsted iimebabhe 5ihl:. 

The nieantivaiuevtioftthewratio ofvtesr strength-to 
ecalculatedustrengthiwas i 1035 twithvarecefhicuent tof avani- 
geronnot 6050719 7wiHowever #ithis tincludesethertest {to theory 
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more than three standard deviations higher than the mean 
Value.) wlhe test to theory (result for: this beam in othe 
Original study (Warwaruk, Sozen and Siess, 1962) was 2% 
standard deviations higher than the mean. Although no 
Reason could be -Lound -as;toPwhy this ratio was so hien, 
it was found to have the highest value of Wp (-0'44 6:2") 
among the 45 beams investigated. The effect of high 
values of W, On the theoretical model used in this study 
Porarscusseumlatcer:in« this sectione) | Because the Tratio)-can 
test toitheoretical strength was high for this beam inythe 
Original Sstudy-as well as) in this study .this 1,atiorywas 
eonsidered to be an” outlying point and wastdisregarded. 
The mean value and coefficient of variation without this 
pornt were 1.029 and 0.0011 ‘respectively. Tihese modified 
results were used in this study. 

A-mean value greater than 1.0 indicates that the 
best. strength wseprearerythany Che theoretvedt strength, 
In other words, the theoretical model is on the safe side 
and underestimates the ultimate strength. 

The data trom Table Solis ip lotted an. Picure 541. 
The test data has been divided into underreinforced and 
overreinforced beams using the ACI (197la) limit of W 5 OF 
Gas0.- Revression Janes tor the (two parts suggest Chat, the 
Tatro OL test to computed strength 1s’ more.or less ‘con- 
stant for wp less than 0.30, but increases rapidly as wp 
exceeds 05.50.) “Thus; the theoretical modél predicts the 


ultimate strengths of underreinforced beams much more ac- 
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Figure 5.1 Ratio of Test Strength to Theoretical Strength vs Reinforcement Index, Ww, 
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Cunatelywthan, that of overreinforced beams. The mean ratios 
of -test,.to,computed strengths were,1.014»and/1.076 inthe 
two ranges. 

Ssome_oL i this ‘diftferencevin accuracy. canpbe tat- 
tributed Comthetstresssstneinwcurve for the prestressineg 
steel used in the theoretical model.) As described in 
section 3.4 ;thevassumedystnessastrain* curve has alistraight 
ioe eey OM thence tastic) limit to theestressmat i) percent 
Strain, thatelsperromipornt (Bato iwwornth G7 inhibi gure goss. 
thas Lineais ka shower jboundato cthesactual curve jingthis 
Gegion: Consequently, the calculated stresses injithis area 
anes Lower Chan ythesacoual tstresses vey ihewmmaximum erronain 
moment from this effect would be one percent or less. 
Gemewakhlhyy (the ws Gressiminsthe hpnes tr esisims ys feck (15 fin 
this region at ultimate moment only for overreinforced 
beams. 

Conversely, underreinforced beams have low amounts 
De steel resulting inihigher stresses and. strains. infeach 
tendon -to obtain ascertain amount of force sin the: steel. 
Atehpoeherisstrainsia the: assumedmstress-sit paimmeurve! degrees 
Vemy Closemky toljehe actual stress-straim curve, as canbe 
seen in Figurcies as. Welence | ithis cd rite nence hin jaccuracy 
between overreinforced and underreinforced beams is partly 
due to the assumed stress-strain curve for prestressing 
Steel, 

The lower accuracy for overreinforced beams can 


also (be (part lywexplained-by ctheinfact: that: the: prestresising 
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Steck Stress at ultimate, fay). AsSensitive .to aylarge 
number of variables including the prestressed reinforcement 
Gato Pps Ehe (ettectivestrengthiotythe concrete :f-)).) the 
etpective prestrain in ‘the steel ie.., and. the potential 


Non-linear Strain distribution. 


Jet .NebDatcn Variability’ and Variability of the ‘Theoreti- 
CTEM MOCCMunp nS Tire ainwe | rewn Poni aaa Vene, Pa 

Piescocti torent lot Vata tuOnmomsticn 1 at OnOd 
Bestest renctnmeoutneoretical strengthior 0.0611 smentioned 
iN eClLLoOn ao, Sus ‘the. result ‘of three variabilities—— 
Variation due to different people performing the various 
ESStS IN =Daron Variability OL the materials and dimensions, 
and Variability of the theoretical model atselfs. This 


Pre larionsiipels SvOwn aby the tol lowinowexpression: 


Vee eee ret Vie bate tine (5.4) 


Pie svaradbsality duewtovditterent people testing and. the 
ErpoOrseimpLIicitwimecnestest 1tselt weno sassumed to pbe. 4 per- 
Pent (Grants. 1O78 jie 

In-=batchwvariedig 1 ty,1S5the. Varrapi ity. that 
exists even after material strengths and beam dimensions 
aATeLCONTTOlled fas elosely vas possible. Beinvorder fo obtain 
Bavatiic tor this Wariabriity, the Monte Caricuprogram de- 
weloped sal thaseStudwewas run on beams BS, .ORt4 OB 31.. OBS3 


ang 10626 to see the jeffect of in-batch varagability.. These 
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beams were selected because they represented a wide range 
of Wp The increased control of variability is reflected 
in the lower coefficients of variation or standard devi- 
ations used in these in-batch runs as can be seen in 
fabicis.22) fhe (in-batch properties) or concrete were trom 
Mirza, Hatzinikolas, and MacGregor (1978). The in-batch 
variabilities of prestressing steel properties, effective 
stress, and dimensional properties were arbitrarily taken 
Powe ona WeuOtaenose sini a) beam wiun Normal, control which 
would have the Variabii1 tires presentedserm occtionsi 4.5, 
Anand, 4,5. etc should be: noted) thatthe full ivariabi-— 
lity for the depth to the prestressing steel was used since 
this variability was obtained by dividing the variability 
Formuncrccpthico ehepyreintorcing isteeMearbitrarily by two. 

The mean value of each variable was set equal to 
Dhe corresponding measured value ifor these’ in-batch com- 
Putereruns teeAtsouethexet fect of tthe: variability of)the 
analysis was eliminated by setting the mean value of the 
endimoews thactormequal ttemi.0 and tthe coecitrcient ofivaray 
Atron equal to... 0. 

UNCel Vig nope ea LS KNOWN, the varivability,-of (the 
theoretical model Vi. can be calculated from Equation 
524.5 [he results trom the in-batch tuns,and) these calcu- 
lations are summarized in Table 5.3. The in-batch vari- 
ability increased as Wp increased leading to a more or 
less unitorm value ofeche computed Vono.., (Themaverare co- 


efficient of variation of the theoretical model worked out 
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COEFFICIENTS OF VARIATION OR STANDARD DEVIATIONS 
USED FOR IN-BATCH RUNS 


COEFFICIENT STANDARD 


PROPERTIES OF VARIATION DEVIATION 


Concrete Properties 
Compressive Strength 
Tensile Strength 
Modulus of "Elesticity 


Prestressing Steel Properties 
Stress @ id-5trainsUltimate Stress 
Ultimate Stress 
Ultimate Strain 
Modulus of Elasticity 


Effective Stress 
Stress at Transfer 
Prestressing Losses 


Dimensional Properties 
Width on Compression Face O#25 
Width on Tension Face O09 S75 
Depth of Beam O07 815 
Flange Depth . 0.09375 
Depth to Prestressing Steel 0.17168 


Variability of Analysis 
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toe .055) and. this ‘waluer was used to allow fer the vVari- 
abiilaey of) the analysis..in’ the Monte ‘Gario: study described 
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CHAPTER VI 
THE MONTE CARLO STUDY 


6.1 Beams Studied 


A wide range of beam sizes with varying amounts 
of prestressing steel were studied. The overall depths 
considered (were: IZ tae TO e24ue Soe Vand 4e 0.9 The 
values of reinforcement index, Wp » that were investigated 
Werte 10. U bone mio UnliZe . Oar Sen 29 5R wands 0. 5000.0, he 
combinations of overall depth and Wp studied are shown 
in Table 6.1. The nominal properties of the beams that 
were Studied are tabulated in:Table 6.2. The beam with 
an overall depth of 16" and a reinforcement. index of 0.054 
was chosen as. the basic beam used in sensitivity studies, 
etc. Ondy Straigchtyprestressingrstrandswastsused ino these 
beams. 

Some of the beam sections that were investigated 
were chosen, directly-trmom the+PCi, Design Handbook (1971). 
For example, the basic, pretensioned beam is designated 
as an 8DT16 beam with a strand pattern of 68-S in this 
handpook. PAtEnOUgieitemts sandoubbe Tosection in «the. hand- 
book, this beam was analyzed as a single T in this study. 
This was accomplished by lumping the two stems of the 


double T together into a single stem. To investigate a 
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Table 6.2 Nominal Properties of Beams Studied 


<> tee 


T-Beam Rectangular Beam 


f, = 5,000 psi 
fy = 270,000 psi 


p 


h h b : A d 

x i W S 

oce ae GAN tienes we geo) Coming neo ih) 
1 DrOet Taser 466 Too) oes 0.23 8.0 
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2 BC OSenils aso te 3 peer ree 0.23 9.0 
1 p0054 | reson oun Sabor Manes 0.918 9.3125 
oex 610543 ete aoe aon Ag Guilnels 0.459 9.3125 


*1 refers to pretensioned beams 
2 refers to post-tensioned beams 


**¥ This section was used in the study of the effect of conventional 
reinforcing steel 
Table continued | 
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particular combination of overall depth and Wp > it was 
necessary at times to make up a beam by adjusting the amount 
Oz steel or’ the depth”to the steel in the PCP ’section,. or 
Oy eecpusting the. section dimensionse 

NO CONVeNnNUTLORALMreCIinTOrecing was anc 1 udeds Imitne 
Deams in, the main investigation. TA separate study On the 
errect, Of Teintorcine steel was conducted ons theypasic 
beam, as descriped in Sé€ction .6.226. 

Both rectangular beams and T-beams were studied. 
The T-beams were used to simulate both single T and double 
Tystringers. {f-beams were used to investigate the lower 
values of wp. For values of w,) greater than or equal to 
Ujl2e, rectangular beams were used. =This splitting of the 
beams into T-beams and rectangular beams came about because 


the expression for wp has b in the denominator: 


Naf 
mene pe Epls 
pep dart ae (seas) 


WHeTe Osis themcCrOss usec clon Wlatn On then Compression 
taee, “2p 1S tle areawor tlie prestressing reinforcement, 
and fos is the calculated Stress in) Che prestressine steel 
at -desion ioad {see Equation 3.13). Thus, tor lower values 
of Wp, a Nhvon Watue ot ob 1S Lequired: asin as. beam, 
Conversely, for high values of w,, b is a low value re- 
quiring the Wse/orwrectanvular beams, 

For each combination of overall depth and Wo» 


four different cases were considered to give all four pos- 
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sible combinations of pretensioning and post-tensioning 
With either stress relieved strand: or stabilized strand. 
For rectangular beams, the same cross section and amount 

of reinforcement was used for both pretensioned and post- 
Ee ioricd beams¢helnethe Casexothmosteofuthe T-beams;; 
however, the flange depth for the post-tensioned case was 
twice that of the pretensioned case and the flange width 
ferethe"post-tensioned case swas)halfy-that.of + the, preten- 
Sioned case. Also, the amount of prestressing steel in 
these post-tensioned T-beams was half the amount in the 
corresponding pretensioned beams in order to keep the value 
of Wy constant forspothytypes ofpbeamseiun (Sec. Table: ioc2'-') 
fhasimanipulataon.was. done, in, thesinterest,of;jpracticality 
of the beam based on the assumption that the flange of a 
DOostrtensionedabeamywould bemcast-angplaceuwhad enpreten- 
Sioned,beams would) be precast. The, flange depth for pre- 
tensioned beams was nominally 2' in most cases. A variation 
of three standard deviations from the mean value for a pre- 
€astempretensionedymbeamustillenesultsman 2 constructable 
fiance depthaotwie45cainches:. d@yilowevermutarvaraeationyot three 
standard deviations for an tn-sttu (post-tensioned) beam 
with the same nominal flange depth would result in a flange 
depths, hentot-b7s8eaanchywandswould,bedextremelyauniikedyiaedt 
the flange depth was nominally 4", however, the same vari- 
ation would result in a beam that could possibly occur with 
hy equal«ton245/8uinchess 


All post-tensioned T-beams were checked to ensure 
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that the 1971 ACI building code limit (Section 8.7.2) on 
the overhang of the flange was not exceeded. 

It was also nececessary to adjust the depth to 
the prestressing steel when the Monte Carlo simulation 
could have put the steel below the bottom of the beam, which 
Cannot happen in reality. For pretensioned beams, the 
bottom strand was checked to make sure that it had at 
least) 1" of cover when the: depthyto'’ the prestressing steel 
was at a maximum (about 3 standard deviations from the 
Mean) and thesoverall depth wasvat vaypminimum.) Inithis 
check, the spacing between the strands was assumed to be 
Enneestimess the diameter, ot altstrand (Seetion 7.4360) AGI 
Code) sas Shown. in Fioure” 6.1.7 (For spost.tensivoned beams, 
the bottom of the duct was checked to make sure it had at 
VedSitsl WOT COVeraat al) “times: , Also. sehe bottom of sthe 
CEnasplate was checked tovensure that vitidi@ nor extend be- 
fow.ene ibDOtLOMmaOt the Ssecerone “Luts?! is at lLustrated an 
Figure’ 6% 2) “These checrs were introducedmtovensune? that 
tne cOomputer runs were On practical), beams: 

The tformationvon"duct drameters*andanchor 
Plate Sizes Lor? post- tensioned» beams Waseobtained trom*the 
PCI Post-tenstoning Manual (1972). It was assumed that 
the VSL multi-strand system was used for all post-tensioned 
beams. “Up tovss strands can be put? in, one ‘duet in this 
system. None of the beams studied had more than 30 strands. 
PMtewas assumed tnatetne plate ‘sizes could, be tattered) to fit 


the’ cross section as long as the total areasor the plate 
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Beam 


@ Refers to Diameter 


Ro 


Strand 
4.5¢ 


re of Beam 


Cross Section 
Figure 6.1 Reinforcement Location in Pretensioned Beam 


Duct Dia. 


on Bottom of Beam 


Cross Section at Center of Span Cross Section at End of Beam 


Figure 6.2 Reinforcement and End Plate Location in Post-tensioned Beam 
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Peremed the same. 

After the location of the strands was checked 
to make sure that they remained within the cross section 
at all times,.they were lumped together,at.one,location,for 
the Monee Garlo,study. ylu doingethiseitewas assumed that 
the position of the individual strands relative to one 
another within the span remains constant. For example, 
pretensioned strands move as a unit as the height of the 
end -buttressesuvacies relative ptopthesherehtyof thesfonms. 
Soimilarly, the, post-tensioned. strands ‘move.as a unit as the 
duct moves within the beam. If there had been several 
post-tensioning ducts, the steel would have been lumped 
iesevenral.wlocations ssince yeach ;ductecan move srebative sto 
the other ducts This possibility was not considered in 
this study pdue,.to.the complete, lack of ;»data,on these)vari- 
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This Monte Garlo study was conducted toiget a 
Hoviuiletaonkotwtheatatmo oof /theoretlealeulcimatesstrength 
to ACI ultimate Strength for various prestressed concrete 
beams. The computer program analyzed the populations statis- 
tically. This sipformation will, be.used i inethe suture. to 
calculate understrength (9) factors for prestressed con- 


Grete beams once’ load factors have been selected. 
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Concrete properties, prestressing steel proper- 
Cres, losses, and diménsions of the cross section were 
varied to study the effect on section strength. The type 
of prestressing operation, the type of prestressing strand, 
the depth of the beam, and the reinforcement index, Wo» 
WerexalsSovarired to see what eftect, they  haduon the ulti- 
Ware Moment. ihe errects Of CONnstruction, quality... rein- 
forcing steel, and prestressing losses were also studied. 

Piewewtect On Tater Ons lOaaimniemwasinO tds buGted. 
One hour loading time was used for all beams. 

itsshould be noted thatualthouch the decree: of 
Coneroleor concrete Strength was ivarved.= tCheinominal 
Biucwot i wwasmnOu varied, inv this: partsom  throwstudy \ ais 
was always equal to 5000 psi. 

Phe computer, runs ‘tovdetermine stherin-batcn 
Vertaprivty @iscusSedsinasection 5.4 sused SUG Monte Canlo 
simulations. The same seed, 65549, was used for all ‘of 
Giese runs. | Lhe seed is any odd-numbered: integer ip. to 
ine doi ts lone. that is used iO Anitiate Che, random num- 
ber generation in the RANDOM subroutine. The number of 
simulations was changed to 1000 in the final computer 
LinScdeser bed Mi elds echapter DeCANsSe eine. COs t. Was. OL 
excessive. A different seed was used for every beam in 
the final runs. These seeds were chosen from a table for 
random selection (Kreyszig, 1970) so that a systematic 


influence would not be introduced into the results. 
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Ore cen tecc Onevaniall lity somleindivaduad. Variables 
on the Variability of Section Strength 


The ,ertects iof the variability (of wconcrete 
Strengtn. prestressing ‘Steeliistrensth, prestressing Jos- 
Ses, Sci geometric properties (on the variabiitiy of the 
Strength Tatios were ainvesticated for ithree combinations 
of overall depth and reinforcement index. The basic 
beam with h=16" and p= 0.054 was Sstudied,iias well as ia 
beam with the same Wy but with h=12", and a beam with h=16" 
and W_=0.295 (see Tabte 6. 1). BRorveach combination of 
h and Wo» a pretensioned beam with stress relieved strand 
and a post-tensioned beam with stress relieved strand were 
considered. The results are summarized in Tables 6.3, 
eo. ,vand..0.,0. lhe Cosctticrenthor Variatven Listed in, these 
Popes | cwtnNeecoctuletent Of pVanitat ton Onmt henpopubation (of 
the ratios of theoretical strength+to AGI- strength. 

These sensitivity studies were carried out to 
determinesthe effect of jeach variable separatelyn Thus; 
tigstne -eLiect of thesvariability, ofpthe concrete, proper- 
tuesuwas’ being investigated, the compressive strength, 
Censrie strength, and modulus of GClasticaty of concrete 
would be varied through the Monte Carlo technique and all 
ether Variables would be set equal to their mean values 
byesetting theiristandard deviations to zero.) .twas found 
tate the varrabilaty of the theoretical “analysis itselt 
represented a significant part of the overall variability. 


To examine the effects of the physical variables by them- 


y ¥ sapien on 
aaibnas ty ‘ite ar 
= ” 
iene ed 


nat weer aN atspurtts, tse a an : a 
mn re 7 Sade Rs 
aM aa Dieta k my ott 1 suspen ae : . - an 
ned ten benee nwt 20% bagugt seed, e794 eolter Aige 
ined eA? oR Ghet trannacehnkee one aameb ae ‘ 5 
ted. ad bOlbuee sik t20.. fe gia baa “anes 4 be a ; 


en atiw med © bow”. "RTP ies fud gu umes old. AF 


an 


x a 
= 
‘ Wwe Nie o> re Joc A ! es daidet one), EGS OF gi a 
bins -tette APrw mead Gang? anesete & eq 


; : it? oe TT ‘rw iN4 eph Lf bettas LE yy a : ! 


rain ¥ e7ivuen? 3 A eoiabel 1 i 

hte) 2 

oa “f goavdrenl “So mmbesttvises eal 868 baa ah a 
fsztby to 2agtsti tees oda 2 an F dm: 

. wy le 

ie r= 7 bh ag: S37 y2S 194 eee. bf oon. to cola ay, ted 


+ mleert2e9 vier 2o00us% qTivistaaa besa? a 
ior 


© NTA Ce strartsy is -26. toatte oA? onto 


‘a mtayvote> wit ba) (ves ttics tuv ens +0 $o9238 sane 


ai oe 
AJanatir avizawtqaad ens ,bornz szgvitt gnied nae 


J ) : —— 

ywioy QA ehorracie@ Yu enliehor hea ,f7Qnetse et 

tie. bia sepindse atnaty| aaeant siz dgowsds heizey. ad _ 40 
e- ¢ 

zeutsy Aven ried oF taupe shina av biaow caldereay ¥ 

“ = L ¢ be § by Yd ’ 
hyito sw 31. «,6793 03 enokoetvat & ebacie she on? af ae : 


disert diene Bacco itd 0 o xaktidatae ot Ye 
8 Pein feos ent a 


a> a 
rad 


Table 6.3 


Dens TRV ty  Ootudya (iy sr Ds US a=) Ol) 


PRETENS | ONED POST-TENS |ONED 


VARIABLE PROPERTIES 


All Properties Variable Except 
Analysis Factor 


Concrete Properties Variable a hs 
Prestressing Steel Properties 

O30 
Variable 
Losses Variable 0.00 
Geometric Properties Variable 0.49 
(V5 ,conc + Vp,steel + Vp, losses + 0.94 


2 2 
Voi dim/V5 all 


40» is Coetkticiens Of Variation 
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Tabple6. 4 
SENOM wt vars he (Wp = 0-20 ba = 6's) 


PRETENS | ONED POST-TENS | ONED 


VARIABLE PROPERTIES 
2 12 
COV |VEN/V5 81 


All Properties Variable Except 


Analysis Factor ie 
Concrete Properties Variable 0.95 
Prestressing Steel Properties 
; 0.02 
Variable 
Losses Variable 0.01 
Geometric Properties 
, ea iS) 
Variable 
2 2 2 
(V5 conc zs V5, steel ai VE, losses “f 
Wet) Ve Mee 
p,dim Bren 


*¥COV is Coefficient of Variation 


128 


bf atte 
(hat + 420k a yout rrr 


* i 7 7 
} ee Crt pS ee a say 
C aaken : j oy ba. aa’ 
i. ay} 
iE r aad soe a* i r 
J —————— 4 oi perio 
J 


= . Pers hgaews o\dekye § it 
awl co 7 ie aes 


when ainey ors 
. . | aloe feat? gnldeer 
4 My 
| 


ey ee laid oldelyeY' z0 


a: Othehs el my Apa ia eeitragar® oitte 
i Pe aaly ay owrey’ | ete its 
| Ronee on, 
{ t \ : : ' _ i ; 
* j | _* B : 7 7 
& . i] a LP geneity’ * ita cq” + 
* - _— = : iG rr } 


ey Ly : hi ae f - 
un is | t. | q ra," ght, 
- a . . i —— 


atrinirey 6 ois 8 ia 


Rabie 7Gu5 


sensitivity otudy (Wp. yO. 055) gh asigi2')) 


PRETENS|ONED 


VARIABLE PROPERTIES 
COV* I VEx/V5 al | 


All Properties Variable Except 
Analysis Factor 


Concrete Properties Variable 


Prestressing Steel Properties 
Variable 


Losses Variable 


Geometric Properties 
Variable 


2 2 2 
(Yo.conc > Vousteel ** ‘pplosses * 


V5 ,dim/Vo,all 


*COV is Coefficient of Variation 


POST-TENS |ONED 


Vox/V5 all 
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shaper! pnemer rect, Of the analysis: factor; was: ignored! by 
SecrangrtneranalysisweOnrection ‘tactorvequal tot? Oe with 
COeLLICHENt OL Variation edial, to Zerovtor ‘thessensitivity 
BCUGIES : 

Tables? Os \chrougnO.oeshow thatthe overall] co- 
SLrIcTent OL Vanravliol,wasiweul asthe Coetthicients o£ 
Variation due’ to, the concrete and geometric properties are 
greater tome the mpostorensi1oned :beams than’ tor thei pre- 
tensioned beams. This is because the average control,.of 
concrete and dimensions assumed for post-tensioned beams 
Was POObLet =thanwrorepretensioned beams. ihe coefriciéents 
OtevVartaciole due, tO tne prestressing steel properties vand 
losses were }the samevtor pretensioned and’ post-tensioned 
beams. 

Diemvantabaliuey. Of ethe Cross Sectionmserengtn 


can be empirically represented by: 


2 a 2 2 2 72 
Vo vall ‘if Va cone a Ve steel i V5, losses Yi Vadim (6.2) 
where Vp, a1| is the coefficient of variation of the sec- 


tion Strength with alipropertiesevariaple -exceptstor’ the 
Afadiysis Lactor,  lhe=otner) terms aremthescoefirerents of 
Variation due towtherconcrete strength, prestressing steel 
Strencth, Tosses, andvdimensions 1f these properties*are 
Variecwonevatna limes ws lt can be seen in themtabtves that 
this expression was essentially satisfied. 
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that when the overall depth, h, was reduced from 16 inches 
torlzsinches,.the-effectswofithe’variabilities. in» concrete 
properties, prestressing steel properties, losses, and 
geometric properties.on -the,» variability of the cross sec- 
tional strength remained constant. 

Onpuhne nother hand. Wable or. seand) 1abie 6.4 "show 
that Wp considenabay atitects the relative Contriputions of 
Chemvawrabilvives) Ot the properties stowtheivarniapi lity oot 


theecross sectional ‘strength. “For ‘small values of sw Ene 


pO» 
Pues Less lsiuce We propel C1 es and veOmetaic DLOpemtdeownave 
Biewlarvestwchtects on Che totaliivarrabudiucy.o Invone analy - 
Sicm Only thesdeprnawasivaried ws sihis. cave: almost scenti- 
Calivethe Same Variability as when jall geometrical pro- 
Demrvies Were Varied which indicates ‘that the effect of the 
geometric properties was almost entirely caused by the 
Petia li by. On\ tne OCep ene co thee preseressingmsteol. ihe 
EOnNCTeELe Properties shave ja ‘small/etiect ion the total wari- 
Apimucy and sone wsOssesuhave, NO Nemec teat all) 

For large values of wp, the Bote properties 
have the largest effect on the total variability, geome- 
trie oropertiesehavesarsmalleetrectuonmeneavardabala ty vand 
Drestressingasteel properties ald. losses shave weny little 
efrect On the Variability. 

These results were expected. For low values of 
Wp, there 1s not much prestressing steel inthe beam. and 
thse the bean tai /samnensche steel~straingis near tie ulti - 


Mate, strain. _Uence,. the  prestressine steelmproperties 
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eta DeLAMpoOntant, LOr-ow i valucsmor Wy. Conversely, 

Por tenia ies Of Gs theresisita (lot yotiprestressang steel 
in the beam and the beam fails when the concrete crushes. 
Thise =the concrete properties should be important for high 
values of Wp « 


GeiZe Soe ec OL EYDe On Presi yessmic, On SCeGL1On 
Strength 


Theeresulws, of che Monte Carlo) calculationsHshow- 
iigernecuetreer OL type, of iprestressimng,. the effect ‘Ofs type 
Siestiand, the sertect on deptn Of "beam, and the eitect. of 


w, are tabulated in Tables 6.6, CRs and JO vo Phe 


P 
mean values and the coefficients of variation (in brackets) 
Gi the populations of the ratios ofjtheoretical strength 
to ACE strength are civen in ithese. tables. 

It cans be seen from thesertables) that the type 
Ci DlesureSSIn¢g se pretensioned Or post=Censmoned., jmakes) a 
SigmrtiCantsGiltrerencel imsune Strength ot ihe section, 
Pretensioned beams have higher mean values of the ratio 
OD Mereconetical strength to AGI is@rength than the ypos t- 
tensioned beams. This difference decreases for larger 
wabues ‘OL Overaia depth h.. Much otpthais datrerence can 
be attributed to) the differences? ini effectiveasdepthss to 
the prestressing steely -Pretensioned»beams were assumed 
to have a mean “effective depth of 0.125" Oey: than the 
nominal effective depth. On the other hand, post-tensioned 
beams had a mean effective depth of 0.1875" less than the 


nominal effective depth. Thus, the pretensioned beams had 
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a mean eriectiv e depch tof 03125" vreater ‘than: ‘the’ mean 
effective depth for the post-tensioned beams. The concrete 
properties, prestressing steel properties, the stress at 
transter, and the prestressing Tosses ‘had’ the)’same mean 
values for both pretensioned and post-tensioned beams. 
As discussed in Section 6.1, the dimensions of the flange 
of the T-beams as well as the amount of steel was different 
for pretensioned and post-tensioned T-beams in most cases. 
ihe coefficients: of variat@don indicate that) the 
post-tensioned beams have a greater variability in strength 
than the pretensioned beams. This can be attributed to 
the higher variability in concretelicompressive strength, 
stress: ‘at ttranster, and in’ ‘dimensional properties, tin 


particular effective depth, for post-tensioned beams. 
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THe sresuves C1 mene wMOlnve (Canlomalaly ses were 

Bialyzed Statistically, to see if theres wassansieninicant 
difference between beams with stress relieved strand and 
those with stabilized strand.» The: t-test ‘and *F-test were 
used to test the difference between the means and the dif- 
ference between the variances, respectively, for groups of 
similar beams. ~ It was found that ‘there’ was no difference 
ats the S“percent/ significance Level ‘between the™means’ and 
variances of the distributions for stress relieved strand 
and stabilized ‘strand for low values of Wp. Above w 


P 


0.1, there was a significant difference between the dis- 
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tributions for stress relieved strand and stabilized strand. 
For beams having Wp > 0.1, the ultimate moment with sta- 
bilized strand is greater than that with stress relieved 
strand because Che=StrawiseiMecncepreseVessule eSiLec are 


Teraeivery srow for higher values or) wv which allows the 


p» 
MiprOVeadeseress-stram Characteristics #or Stabilazed 

Strand -atylow strains to’ be utilized.) “Another reason for 
the improved strength is that the prestressing losses are 
besSetOrescapiliged strand due to lower relaxation, Losses. 
UyemerreotsOr prestressing Losses ismturther discussed) in 
Sermon. On 2uno. 

IhemVarrapiulity in Strenvtielseapproximate ly tne 
same, LOD istress relieved strand wand iscabilivzedestrand: ‘his 
Peco be, expected Sinceethe coctiitciencs Of vartation for 
phesvariapbhessdelining. the stress-straim propercies or the 


Strand are onlyislionthy dititerent «for they bwo types, of 


Stra. 


64225 mbrteetaok Depthnof BeamaoniceetionseStrength 


Statistical "tests ’(F"and t-tests) *were'carried 
Out to sce wit *the*overali-depth; hy cr the beam*has aAsig- 
Prtvcant chrect on "ehewcrToss Secrtonalbnsonenoth varios. Al- 
EnOuUCHh* 1fewas, Possso2e CO VYTOUD “Centam st zZesrmineo represen- 
tative populations, the hypotheses *that the means *and* the 
variances were the same for the populations for the various 
values of h were rejected at the 5 percent significance 


bevel in*mostveases. 
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AS, Shown anidapiles OVouthrouch 0... the mean value 
Orpene Tato. of theoretical strengths to, AC  estrength, de- 
eréased slightly and’ the coefficient of variation stayed 
the same as h increased for pretensioned beams. The mean 
value ie a and the coefficient of variation decreased 


as h increased for post-tensioned beams. 


OL A Omaur ect OL W,_ on Secrion othengen 


ire resultsewere, testedsistGatistically ito, see: 1h 
the rTeinroycemenr: indexg.u,, has a significant effect on 
thes trengeh ratios. At the 5 percent significance 
level there was no Significant difference’ between beams with 


wae 0.019 and Wy = 0.054 in approximatelly® o-~oftrthe 12 


p 
Daigs tested. s0n the othervhand theme wasyva sionviicant 
difference between beams with other values of Wp. There- 


EOLew was va sSieii mi Canter tect On, tne Ultimate monent 


p 
Bheeresuats, OL lables, Ol Oy Ov gia OG anid O09 


ame potted against oO. Invricures Oo. /ssandwoe4.) (lhe. first 


p 
percentile values are also plotted against Wp in, B2ourer.G. 5. 
The results tor pretensioned ibeams ares plotted in, the top 
halt of themiuguages, thosemtorspost-tensioned beams are 
plotted injthe bottom haan. A bestifit lime as) drawn, in 
each graph sot higures 6.5 and joe4aae In the@ease of post- 
tensioned beams, different lines fitted the data for beams 
With an overald’ depth ess than or'equal to #6" and ‘those 


with an overall depth greater tham 6". This was not ‘true 


for pretensioned beams. The best-fit lines for the mean 
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Mean Strength Ratio, X 
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Figure 6.3. 
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Variation in Mean Strength Ratio with Wy 
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Figure 6.4 
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Figure 6.5 Variation in First Percentile of Strength Ratio with w, 
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and coefficient of variation were then used to calculate 


the first percentile values: 
ist jpercentile =i 253.260 66473 ) 


= mean value 


Ee | 


where: 


Standard deviation. 


Q 
i 


The line in’Ficure) 6. S was plotted using these calculated 
Waruss:. 

Figure 6.3 shows that the mean value of the ratio 
of the strengths decreases as Wp Inereasessup, Ca \WesUs 
gnaw enen increases :snarply «AS Wy approaches 0.30 from 
bevOws tie percentage sor, che Weams tad ling prematurely in 
Cpr eso lOlmincweasccn, CaUSING sl TeduGcuLonwin viesmean, Value 
Gieiclatto, Or tne st NeOreciCcal Strengunuco the wAck strength 
because of the decrease in theoretical strength for over- 
Teinrorced beams. This decrease in theoretical strength 
has been discussed in Section 5.3 and is shown graphically 
Tier ure, 5.4 shad tor, the reason TOmitnis ecr case 1s that 
the actual values of the variables may be quite different 
from the nominal values which are used in the expression 
for Wp - 

The variability of the strength ratio increases 
aS Wp increases. This too, can be explained by the fact 
that compression failures increase as Wp increases. ‘In 
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values of reinforcement index is more dependent on the vari- 

ability of the strength of the’ concrete than for lower values 
of Wo AS’ discussed: in Séction O..2.2,) ‘thevvariaba luty of 

the steel properties is more important for “lower values ‘of 

Wp - Since concrete properties are more variable than steel 
properties, the variability of *the’beam*stréength increases 


as “i iInereases”: 


p 
One beam section with Wy greater than 0.30 was 
Povesticatredeasitucan bewsieen fromiTables 6:6, 6.75, 6.6 and 
679 and Figures s605) and\6.4 that .theumeanyvalue wand coet- 
ficient of variation for this beam are considerably higher 
than the corresponding values for beams with wp) less than 
0700." This 1s because this, beam 1s classified as overrein- 
forced.) The variability of this beam was high because’ the 
Uleimate Ss teelsstrains feld von theusteep risine part ot ithe 
Sereso Strain curve. and ja smalinvarrati1on an properties 
caused a large variation in steel stress, and thus in ulti- 
mate moment. The mean Strength ratio for this section was 
high because the ACI Commentary (1971b) equation for the 


Heptimnate moment of such a beams (Equation 3.17) in, this, the- 


sis), tends to be conservative. 


Gf2e7* Effect Of FConstriction QualitvuonsSsection 
Strength 


Thescirect lou construction (qualitveon the strength 
ratios was studied«by varying the degree of control of 


concrete quality and the degree of control of dimensions, 
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including the depth to the steel. The post-tensioned beam 
With stress relieved strand and h = 16" and Wh = 0.054 

was chosen as the basic test beam. This beam had already 
been studied in the original series using average control 
or sconcrete (WVecy! =l> percenty-and averase control. of 
dimensions. Distributions were computed for the same beam 


TOL 1LWO More. cases. 


ie “uUsine texceltent ‘controivod concrete and ‘average 
SOUtLCOl Of dumensions,vand 
ao muUsinoe poor COnCT Ol, Of Concrete and Poor wcontrol 


of dimensions. 


In case 1, excellent control of concrete was achieved 

byv setting Vecy| equal  to;l0 percent asmcescriped in qsec- 
tion 4.1. The tn-sttu mean values and standard deviations 
descrambedslin? Sectionns.5 were used for average control of 
dimensions. singcaseeZ, Vecy| was.set.equal to| 20 percent 
Pore poor Control of concrete, dua lig. Mi Loor contr oLlor 
dimensions was simulated by multiplying the standard devi- 
ations tor 7tm-s7ttw dimensions by 2. The results are tabu- 
Heated cin shap lero. L0. 


The F=testGand t-test wene, Carried. out to, compare 


Be Tesi ts Of thieweasic DeaM With tne: results ot case: 2 and 


tne results of, case.z2. These tests showed that construc- 
tion quality had no significant effect on section strength 
when the control of concrete changed from average to ex- 
cebient. Foor CoOntron OF concrete iand: poor Control. of idi- 


Mensions had a ssleniticant effect on ‘the coerticient of 
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Tabi es 62/10 


EPPEC WOR ACONSTRUCTI ONG QUAL TY. 


CONSTRUCTION QUALITY MEAN CO-SKEWNESS*| KURTOS1S 


se COnhrolorcencrere 
. Control of Dimensions 1.02} 0.055 
wacontnoine tf HConccete 
. Control of Dimensions 1,02/0.052 
Poor Control of Concrete 
Poor Control of Dimensions 1.02}0.079 


*Coefficient of Variation 
tCoefficient of Skewness 
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Variation in this) case. but there was no significant dif- 
ference between the mean values. Therefore, it was con- 
eluded, thatyconstruction quality,wand in particular dinen- 
sional tolerances, didihave a,signiticantertect) on the out- 
lying values Ofathe <crossusectaonalustrength ratios. 


6a tinseee bE tecthof Conventionalakeinporcing Steel on 
Section iotrength 


Once again, the basic section chosen was the 
post-tensioned beam with stress relieved strand and h = 
I677and @, = 0.054." “The amount om location of the pre- 
stressing "steel was not changed in this part of the study. 
Various amounts Of ‘reinforcing steele 244.) 2Hoee 289.) 2001 
andpzrlas were addedP to the basic section) at ja nominal 
depth of 23.5!) As *mentionedyin ‘Section 4.2, ithevneminad 
yield strength and modulus of elasticity of reinforcing 
steel were 60,000 psi and 29,000,000 psi, respectively. 

The location of the reinforcing steel was checked 
to make sure that the steel did not go below the bottom of 
the’ section in the Monte Carlo simulations. The relative 
DOsd b10Ns 0 miune wrest ressing Bo tee) and rei @aor cing 1scer | 
were also checked to make sure that the bottom of the duct 
was never below the bottom of the reinforcing steel since 
it was assumed that there would be a stirrup across the 
pottom ot the reinforcing’ bars. 

The results are shown graphically in Figure 6.6. 
The independent variable in this plot is w/Wp, the ratio 
Orethe reinforcement index for prestressingastee! plus 


rerntorcing: steel tosthe reinforcement index for; the basic 
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beam, which has prestressing steel only. Figure 6.6 shows 
shemmean and tirst-percentile values, as. airatio. ofthe 
values for the beam with prestressing steel and reinforcing 
steel gtoj thejvaiuesaforathe bastanbeam.deThet vaiuesttonythe 
eet tsecicntsobuvariatien are not shown as a ratio, rather 


the values plotted are those for the beam with prestressing 


Steel and remntercing4steel se PRopednmpesccen) trom the tigure 


Eid tne SeCcl One st Trengthvwincredses aiwetneaVvariapligty OL 
the section strength increases as the amount of conventional 
reir Orcane  Stecl increases, Ihe, ultimare moment sinGreagses 
becausenthée ratiogofitactualy;toxunominal tyield ‘strength’ is 
tarcer for Reonventionalpreinrovecnent inant hor Ipyeseressing 
Gendons: Hilheaveariabplity por the seetazonustrens thealso 
auncreasessasuythe fanountnobineintoreungysteelyincreases due 
Postherrelatively shishtvantabilitytok thekpuoper ties fot 
@enventionalerecintorcingssteels 


Oo hieeOLOterheStnessinu OS SeomOls orci On 
Strength 


The eftect of prestressinvelosses, on ene section 
Screnvtn Was Studicd™ by Vary lm, thes 1 OSsoes (Lor 1x beams. 
whese peanms’ all hadsan overall dept oi OV. Pirec sd17 - 
ferent values of Wp were used—0.019, 0.054 and 0.295. For 
each value of Wp» a pretensioned beam and a post-tensioned 


beam were investigated. The losses were varied by using: 


1. 2/3 of the mean and standard deviation used in 


the basic computer runs: 
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The resutkts are tabulated in Table 6.1. 

Statistical testing showed that for Lowisvalues 
of Wp Coron eamd. 0054) verving theramount Of Losses shad 
WOAS Lond Cant, etfect on the sectadonvstmencth.patiGs .o.-nhis 
Was séxpected since these beams failed, with prestressing 
SoC les bresses=at Ol Near Ultimate ipromunioh values of Wy 
ez) OWever,. Varying “the amount sOteelosses ahad babs 1.05 
He ouecdanteL rect One Lhe meam Strenoatn sa t.10 of Chen seculon: 
ine Variability of the section Sstrensth ratio was not sit- 
pEericantly-atiected~by-varyinge-the-slosses> 


6.2.10 “Shapesotokrobabi lity veseni butions. of ghe- 
sults 


Some. typical probabilitycensuty funerions Ob athe 
Tatio of theoretical fo ACI strengths fox pretensioned 
and post-tensioned beams are shown in Figures 6.7 and 6.8, 


Mespectively. The probability density) unc tmens mor a 
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Table toatl 


ERFECT sORBsVARYING#LOSSES? 


Wr, = 0.019 
PRETENS!IONED 


MEAN CO-SKEWNESS 


KURTOSIS 


BASIC BEAM 2.86 

2/50 LOSSes 2.90 

Pee xolosses PL BS 
POST-TENS |ONED 

BASIC BEAM re ah 

775 x Osses SAGES 

13 x Losses B05 


gee = 0.054 
PRETENS | ONED 


BASIC BEAM 


ips Osses 

t+ xX Losses 4.06 
POST-TENS 1 ONED 

BASIC BEAM 2.94 

Zio LOSSES 2.94 


l= x Losses 


by =707295 
PRETENS | ONED 


BASIC BEAM 


2/5. Losses 

1s x Losses S220 
POST-TENS1ONED 

BASIC BEAM 3,69 

2/5 % \:osses AOS 


1+ x Losses 


*¥NOTE: All these beams have stress relieved strand 
*X¥NOTE: COV is Coefficient of Variation 
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reinforcement index, Wo, Of 0.054 are ploeredin ithe.top 
halivot theyficuresswjthose for an Wp Of 0.295 are plotted 
im ther bottom halt. 

These figures show that the probability distri- 
butions of the results were close to normal distribu- 
tions:) The higher coefficients or .variacvon for beams 
with avhigher value of wp is shown bythe jgreater spread 
in results for the beam with Wy = 0.295. The shape of 
the distribution for a pretensioned beam was very similar 
tos that for the corresponding post-tensionedsbeam, except 
that the distribution for the post-tensioned’ beam was shif- 
ted to the left due to the lower mean value for the post- 
tensioned beam. As discussed in Section 6.2.3, the lower 
mean values for post-tensioned beams were caused mainly 


Dye they assumed probability models for effective depths. 
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Mean = 1.066 - 


Coefficient 
of Variation = 0.046 


Coefficient 
of Skewness = 0.04 


Kurtosis = 3.36 


Wp = 0.054 
h = 16” 


8.0 


Mean = 1.028 


Coefficient 
6.0 of Variation = 0.079 


Coefficient 
of Skewness = -0.15 


Probability Density Functions 


Kurtosis = 3.03 


4.0 
Wp = 0.295 


2.0 


See ere So SO BEOOSE ee 
0.50 058 066 074 082 090 098 106 114 122 1,30 


Ratio of Theoretical/ACI Ultimate Moments 


Figure 6.7 Probabiltiy Density Functions for Pre-Tensioned Beams 
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Mean = 1.025 


Coefficient 
of Variation = 0.055 


Coefficient 
of Skewness = -0.09 


Kurtosis = 2.94 


Wp = 0.054 
h = 16” 


8.0 


Mean = 0.987 


Coefficient 
6.0 of Variation = 0.105 


Coefficient 
of Skewness = -0.33 


Probability Density Functions 


Kurtosis = 3.69 


4.0 
wp = 0.295 
f= "16" 

2.0 
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Figure 6.8 Probability Density Functions for Post-Tensioned Beams 
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The type of prestressing affected the section 


strength ratios at the 5 percent significance level. The 


flexural strength ratios for pretensioned beams were higher 


than for post-tensioned beams due to the greater ratio of 
actual to nominal effective depths assumed for the pre- 
tensioned beams. Post-tensioned beams were found to have 
Saecereater Varlabality in strength. Again, this, is due to 
the greater assumed variability in the variables contri- 
butingstoustrength. 

Thestype,of.strandsaifected) thesstrength, ratios 
Qnlyntor values of wi greater ithanyabout,0.1.. 9For such 
Beans ,~Lhepuitaumace strength was) ¢reater for stabilized 
strand dueyto,the,.improved. stress-strain) characteristics 
amd,sloweriprestressinghlosses stoxy istabilizedsstrandsseThe 
Vabiability anestrengtheratiogwasethe jsame for ybothstypes 
of strand. 

The.overali+depth-of the,beam,h, had someef- 
fectwon the variability, of, the ultimate strength, ratio of 
pretenstoned beams butywthe effect was ‘Sosmall that. for 
plactica lb purposes thenertect for non lohemstnengtie rati10 
of pretensioned beams was neglected. Overall depth had a 
ereatern effect, on the ultimate Strength ratio orMpost- 
tensioned beams. The mean value of the strength ratios 
increased and the coefficient of variation decreased as h 
increased for post-tensioned beams. 


The reinforcement index, wy), had a significant 


effect on the section strength ratios. For underreinforced 
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beams, the mean section strength ratios decreased and the 
variability of the strength ratios increased as Wy in- 
creased. 

Construction quality, did not strongly jartect 
the mean value of the strength, ratio although, it) hada 
Signifacantwettectpon thevouthyingyvaluesHoh theveros's 
seccional strength: 

Conventional»reinforcaingsteelvhad asignifi- 
cant effect on the ultimate strength ratios. The mean 
Section Strengthenatioswand) themyammabvimty of) thensection 
strength ratios both increased as the amount of reinforcing 
steel increased. 

Prestressing, losses) affected the: strength ratios 


Oma section only Hor Nich» values (of 1G omalter losses 


D: 
resulted im higher ‘strength: ratiosivand darger losses ‘re- 
Sulted in liower: ratios! Wbhesmariiabalaty omethe sectzon 


Strength was not Significantly attected by warying: the 


losses. 
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APPENDIX B 
PRESTRESSING LOSS CALCULATIONS 


Example: Mean Losses for Post-tensioned Beam with Stress 
Relieved Strand 


Galculations. dovestor beam from Pes Design swandbook, (1971); 


8 e DT «2.0 
Strand Pattern 68-Di 


(6-%'"' DIA Strand) 
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Calculation of Percentage Loss*: 


Elastic shortening aes = 1.24% 
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APPENDIX C 


FLOW DIAGRAMS OF THE MONTE CARLO PROGRAM 


This appendix contains flow diagrams of the 


Monte Carlo Program used: in this study aneluding: 


The Main Program 


Subroutine THEORY 
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MONTE CARLO PROGRAM 


INPUT 1: 
NOMINAL 


PROPERTIES OF 
VARIABLES 


2 ACI 
STRENGTH 


SELECT A RANDOM 
VALUE OF EACH 
VARTABLE 


ACI ULTIMATE 
STRENGTH MODEL 


INPUT 2: 
STATISTICAL 
PROPERTIES OF 
VARIABLES 


THEORETICAL REPEAT 
ULTIMATE 1000 
STRENGTH TIMES 


MODEL 


THEORETICAL 
STRENGTH 


STRENGTH RATIO: 
THEORETICAL / ACI 
ULTIMATE STRENGTH 


OUTPUT: SUMMARIZE 


STATISTICAL ANALYSIS 
OF STRENGTH RATIOS 
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SUBROUTINE THEORY 


START 


CALCULATE £0, EY, FCP, PO 
FIND CENTROID OF SECTION 


CALCULATE ECE FOR EACH 
LAYER OF PRESTRESSING STEEL 


CALCULATE ESE FOR 
PRESTRESSING STEEL 


FIND CRACKING MOMENT (BMCRA) 
AND CRACKING CURVATURE (PHICRA) 


USING TRIAL AND ERROR 


YES 


> 100 TRIALS 
TO FIND BMCRA 


BMCRA = 0.0 


INITIALIZE I = 1 
I IS USED AS COUNTER OF 
POINTS ALONG M - CURVE 


SET CURVATURE (PHII) AND TOP STRAIN (£4) 


EQUAL TO VALUES AT INFLECTION 
POINT OF P - E4 CURVE 


CALL AXIAL 
WHICH FINDS FORCES AND 


RESULTANT FORCE (PAXIAL) FOR 
A GIVEN STRAIN DISTRUBUTION 
(IE. GIVEN PHII AND £4) 
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: USE PAXIAL AS STARTINS POINT 
FOR NEWTON-RAPHSON PROCEDURE 


CALL MOM 
GIVEN PHII, BALANCES P BY 
VARYING E4, SUBROUTINES AXIAL 
AND F STEEL USED TO CALCULATE 
FORCES. MOM CALCULATES MOMENT 
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> 106 POINTS YES 
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SET INCREMENT 
OF PHII, PHINCR 
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PHINCR 
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If EPS (K) > ENP, 
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CALCULATE ALLO!WASLE TOLERANCE 
(TOLBMA) FOR BENDING MOMENT 


BMTOL = BMM (I) - BMM (I - 1) 


Br 
YES 
BMTOL > TOLBHA 
ty 
BMTOL < TOLBMA 
NO 


PHINCR = PHINCR / 5.0, FIND MOMENTS 
BETWEEN MAXIMUM MOMENT AND 
POINT ON EITHER SIDE OF THIS POINT 


IF TRIES GOING THROUGH THIS 
STEP MORE THAN ONCE, FINDS 
MOMENTS AT PHINCR / 2.0 ON 
EITHER SIDE OF MAX. MOMENT 


‘KEEP INCREMENTING PHI FOR E4 > (EU - 0.0002 YES 
f MAXIMUM OF 3 MORE TIMES OR EPS > (EUP - 0.005) ; 
NO 
EPS > EUP IF 
OR E4 > EU OR YES 


TRIES GOING THROUGH 
THIS STEP MORE 
THAN 2 TIMES 


E4 < 0.0 


NO 
Ban (1) > Ba (1 - 1) | no 
YES “TPHINC = PHINCR * 2.0 
SE : ee se) wee | 
110 PKI] (1) = PHII (1 - 1) + TPHINC 
YES e(1)ee (ly) 


GO PHINCR / 2.0 
BACK AND AHEAD 


CALL AXIAL AND MOM 
ON M - ¢ CURVE 


eaten CALCULATE FORCES 
AND MOMENTS 


TPHINC = TPHINC / 2.0 


EPS > EUP 
OR £4 > EU 


EPS > EUP OR 
E4 > EU OR 
£4 < 0.0 
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Alphabetic Symbols 


depth of equivalent rectangular stress block 


aneawOb Convent LOonaiwreinLoLcement oteel isa, 
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width of web, in. 

depth to neutral axis 

conpressive tornce ianiconcrete,s ab. 


compressive torcemtnat would have been exerted 
by concrete that 1s displaced by compression 


steel, 1b. 


COMPTeSslVewLOrce. cule, CO Compression reintorc- 


tno, Shee Loeb, 


effective depth, “in. 


depth to tension reinforcing steel, an. 
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depth ico compression reinforcing SiGe lait. 
depth *tomprestressine steel, in. 

depth tof *fenston "stress block In-conerere: 
SGCen bly vG ines, 


modulus of elasticity ofmconcrete (used with 
SUPSeTIDUS Clyeis Later fewer Sie Mirena Va hte; = 


E) 
modulus O1r-elastircutywotsconere ve. ps 1 


MOocuIuSswort -eolastreveyrOreresi.Orelnoms tc ole 


pst 


MOdULIUSTOM ClaSeleltyeoLeplesmre sic mire: chee, 


pow 


strength of conerete fused withrsubsceripts 


piven Later) spsiss (mean svalic = E.) 
stress atuther borttomvot. wie secuLron 
specified compressive strencthy of concrete, psi 


maximum stress an Hoonestade( l9s2)ustress-strain 


Survestoreconcrete.-pst 


the effective stress of the concrete in the 


compression zone, psi 
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Eeopecified 


Eiop 


feransfer 


stress in the prestressing steel due to the 


JaAckingartoree ep sa 


Caiculatedistressadn the prestressing Stee) at 


design oad, ps2 


ultimate stress in prestressing steel, psi 


modulus Of wrupcuremon sconcne te.) DS 4 


effective stress in prestressing steel, after 


LOSSeS ps. 


SpeciticdeULiimateyStress, OrepresiLlessmiges tee, 


psi 


prestressing.steel,stressyat ultimate;moment, 


psi 


StressS,atuthesetopeOtycne, section 


Stress 1m prestnescs ings teellat transite, 


VieldesStrengven (oh@remtOrcangums Cee waps 1 


Strain COMPACED ELI t yn racer 


overall idepth of cross section, in. 
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moment of inertia 


Moment 
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cracking moment 

moment due to dead load, psi 

ultimate moment, psi 

number of prestressing tendons 
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tension force an’iconcrete, Wb. 
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y distance from mid-height to the resultant com- 


pressivemterceninhconcrete 


Yr distance,from mid=height to "the sresultant;com- 


pressive teonenetentovecsinethent bance 


ie distances from mid-heishtweo the resultant com- 


pressive concrete force in the web 


Zb section modulus) with respecr) to. the bottom: fiber 


Otsayvcross section 


Z+ Sectionumodulus: Withe respect «co the iLop ua ber 


Gia TOSs us CCLLOM 
In addition, the following symbols ‘are used in subscript: 


GC refers to "compressive" in conjunction with 


strength and elastic modulus 


ecy'l refers CoO) ‘COMDYessi Ve cy Linders 1 conjunc 


tion with strength 


ci refers to “initial tangent" )in conjunction with 


modulus of elasticity 


g gross 
r refers to "modulus of rupture with third point 
loading" 
R refers to "rate of loading R psi/sec" corres- 


ponding -to strength or modulus of elasticity 
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Lehersetorin-Structure, Of Gy-e7t7u!) in conjunc- 


tion withustreneth andimodulus: of elasticity 


GetensulomiuLa tenon Loading so .upsi sec | 2COrpes- 
ponding to compressive strength and modulus 


On vebasitueiey, 


Greek Symbols 


By 


Ecu 


ae 


Cave c ywwinidex 


Tateo OL stress atl) percentustraim to aitimate 


Stress fOr Prestressilgystee. 


aucon=tantsdetinedsinesection £0;227 0m the 


AGI CoderCle7 ia) 


prediction errors 


increment 


Strains edie, 11s 


the compressive strain in the concrete due to 


the prestressing force 


the strain in the extreme concrete fiber in 


compression at ultimate moment 


the total strain an the prestressing Steer, 


TN cytes 


cracking@estrain in concrete 
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effectiverprestrainsiniprestressing! steel 


after losses have, ‘taken ‘place 

prestressing steel strain at ultimate moment 
strain at the level of the prestressing tendons 
yaeld strain of réintorcing-stec! 
UltamatelStrainvinseoncrete 
Uitimatesstrain in prestressing is teecl 


thems trainmineconerere that corresponds, tovtie 
maximum stress in Hognestad's (1952) stress- 


Stradinicurver Or, CONGreGe 

the sitratneat othe bomeoomuot he sec tion 
Che" strain at, the bottom on -thestlange 
Ghe Strain at) we, topmost the ect oON 
overload factor 

mean value 


Rat LO Ota mionpres Ehessecamicens ton wreinroLce- 


ment (= A./bd) 


ratiowoL smonprestressed compression reinforce= 


ment (= A&/bd) 
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Units 


ratio Of prestressed reinforcement (= Agp/bd) 
standard deviation 
SUness 


Stressiatel percent estrainvLor ipres tressane 


Sec 
understrength factor 
Curva tine 


€racking Curvature 


pfy/f'¢ 


esa aie 


Ppfps/f'¢ 


reinforcement indices for flanged sections com- 
puted as for Wy Wp 9 W! except that b is the web 
width. and the steel arealis that wequired to 
develop the compressive strength of the web 


only. 


The Monte Carlo study was carried! out using the 


basic units of pounds and inches. Thus, the forces were in 


pounds, the dimensions were in inches, the stress was in 


psi, and the moment was in in-lbs. 
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